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The Horonobe Underground Research Laboratory (URL) Project is being pursued by the Japan Atomic
Energy Agency (JAEA) to enhance the reliability of relevant disposal technologies through investigations
of the deep geological environment within the host sedimentary formations at Horonobe in Hokkaido,
northern Japan. The project consists of two major research areas, “Geoscientific Research” and “R&D on
Geological Disposal”, and proceeds in three overlapping phases, “Phase I: Surface-based investigation”,

“Phase II: Construction” and “Phase III: Operation”, over a period of 20 years.

The present report summarises the results of the Phase I geoscientific research carried out from March
2001 to March 2005. Integration of the results from different disciplines ensures that the Phase I goals have
been successfully achieved and identifies key issues that need to be addressed in Phases II and III. More
importantly, efforts are made to summarise as many lessons learnt from the Phase I investigations and
other technical achievements as possible to form a ‘knowledge base’ that will reinforce the technical basis

for both implementation and the formulation of safety regulations.

Based on experiences of selecting the URL area and site in Horonobe Town, important factors that should
be taken into consideration in such selection processes and their rationale are demonstrated. In the course
of stepwise surface-based investigations, a number of achievements have been made, which can eventually
provide examples of integrated methodologies for characterising the sedimentary formations. The relevant
surface-based investigation techniques have thus been further developed. The Horonobe URL has been
designed based on geoscientific information accumulated during the surface-based investigations and the
plans for safe construction and operation of the URL have been defined in a feasible manner. In addition, a
variety of environmental measures taken during Phase I have proved to be effective on minimising the

environmental impact induced by URL construction.

Keywords: Horonobe URL Project, Phase I, Surface-based Investigations, Sedimentary Formation,

Geoscientific Research, Synthesis
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1. Introduction

The Horonobe Underground Research Laboratory (URL) Project is a comprehensive research and
development (R&D) project aimed at studying the sedimentary formations in the region of Horonobe Town
in Hokkaido, northern Japan. The URL project, which is managed by the Japan Atomic Energy Agency
(JAEA; formerly the Japan Nuclear Cycle Development Institute — JNC), is one of two deep URL projects
prescribed in “Long-Term Program on Research, Development and Utilization of Nuclear Energy”
(Long-Term Program)” and “Framework for Nuclear Energy Policy” (Framework)?, both of which were
issued by the Atomic Energy Commission of Japan (AEC). The URL project consists of two research
areas: ‘geoscientific research’ and ‘research and development on geological disposal technologies’. This
report describes the geoscientific research, synthesising the results of investigations carried out during the
surface-based investigation phase — Phase I of the Horonobe URL project.

Section 1.1 provides an overview of the URL project within the context of the Japanese geological disposal
programme; Section 1.2 describes the R&D programme of the project and Section 1.3 outlines the strategy
for synthesising the results of the Phase I investigations.

1.1 General background

1.1.1 URL projects

Building on the technical basis provided by JNC’s report “H12: Project to Establish the Scientific and
Technical Basis for HLW Disposal in Japan” (H12 report)”, the geological disposal programme for
high-level radioactive waste (HLW) in Japan has moved from the stage where only R&D is performed to
the implementation stage, in which a geological disposal project and safety regulations will be
implemented. Necessary R&D activities will be continued in parallel. In June 2000, the Specified
Radioactive Waste Final Disposal Act (the Act) was promulgated and, based on this legislation, the Nuclear
Waste Management Organization of Japan (NUMO) was established as the implementation body for the
geological disposal of HLW in October of the same year. The Nuclear Safety Commission of Japan (NSC)
issued the “Basic Concept of Safety Regulation on HLW Disposal” First Report”. Thus, the preliminary

framework for the geological disposal project and the associated safety regulations has been established.

AEC then specified a new national programme framework in its Long-Term Program", which outlined the
activities leading up to final disposal of HLW and who would be responsible for performing these. NUMO
“..should take charge of developing those consistent with the safe implementation of the final disposal
project and with the improvement of its economic performance and efficiently”. The government and

¢

related organisations “...should actively push forward with research and development projects necessary
for safety regulation and safety assessment of the final disposal, with fundamental research and
development activities, including scientific studies of the deep geological environment, and with
development of technologies to enhance the reliability of geological disposal technology”. In particular,

I

INC was assigned responsibility to “...steadily carry on research and development activities to verify the
reliability of geological disposal technologies and to establish a safety assessment method, using research
facilities for deep geological environments and the Quantitative Assessment Radionuclide Migration

Experiment Facility in Tokai village”.

In accordance with the responsibilities assigned to it in the Long-Term Program"), INC formulated an R&D
programme for the stages following submission of the H12 report. This was published as the “Generic
Programme for R&D on Geological Disposal of HLW” (Generic Programme)”). In the Generic Programme
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and within the context of improving ‘the technical reliability of geological disposal in Japan’,
demonstrated in H12 report, and enhancing the technical basis supporting the disposal project and the
associated safety regulations, two goals were set for the R&D programme: ‘confirmation of the
applicability of disposal technologies to specific geological environment’ and ‘understanding of the
long-term behaviour of the geological disposal system’ (Figure 1.1.1-1). The aim of the former was to
confirm the reliability and practicability of technologies developed to date by applying them to specific
geological environments; the latter was intended to improve the reliability of the evaluation by increasing
the understanding of various phenomena that affect the disposal system and to improve the associated
models and databases. The URLs were focal points for achieving the first goal. In the Generic Programme,
the R&D programme was divided into two areas: ‘R&D on geological disposal technology’ and
‘geoscientific research’. The former involves improving the reliability of the disposal technologies and
developing advanced safety assessment methodologies, while the latter forms the necessary basis for the
former. Specific R&D items were set for each area. Since JNC was merged with the Japan Atomic Energy
Research Institute (JAERI) to form JAEA, R&D has continued in line with the above two R&D goals. A
new fundamental policy report of JAEA entitled “Plan for Meeting the Midterm Goal — Midterm Plan
(October 1, 2005 to March 31, 2010)” (Midterm Plan)® states that JAEA will pursue R&D in the fields of
geoscientific research and geological disposal technologies. The URL projects at Horonobe in Hokkaido,

northern Japan and Mizunami in Gifu, central Japan are mentioned specifically in the Midterm Plan.

The R&D activities summarised in the H12 report were carried out to demonstrate the basic technical
feasibility of geological disposal in Japan, without specifying any particular geological environment. In
order to improve the technical reliability of geological disposal and enhance the technical basis for the
disposal project, it was important that the practicability and reliability of the technologies used in the H12
report should be demonstrated by applying them to specific geological environments; URLs can be used
for this purpose.

It was proposed that “two or more URLs should be constructed, considering the range of characteristics
D JNC therefore set up the Horonobe URL project® for
investigating sedimentary rock with saline groundwater and the Mizunami URL projectg) for crystalline

and distribution of the geology of Japan

rock with fresh groundwater (Figure 1.1.1-2). Both projects consist of three phases that will extend over a

19: surface-based investigations (Phase I), investigations during tunnel

period of around 20 years
excavation (Phase II) and investigations in the underground facilities (Phase III). It should be noted that the
investigations for repository site selection, which will be carried out by NUMO, will also proceed stepwise,
with literature surveys, preliminary investigations and detailed investigations (surface-based investigations
in the early stages and those in underground facilities in the later stages) over a period of around 20 years,
as specified in the Act. Phase I of the Horonobe URL project corresponds to the preliminary investigations
and the first half of the detailed investigations in the NUMO programme and Phases II and III to the
detailed investigations using underground facilities. The technical basis for the preliminary investigations
has been developed by synthesising the results in the H12 report and investigations carried out during
Phase I of the URL projects. It is of importance that the reliability of surface-based investigations and
associated modelling techniques should be improved during Phase II investigations; for instance,
geological environment models developed during Phase I should be tested using geological data obtained
during Phase II. This is defined also in the national “R&D Programme for the Geological Disposal of
HLW”'"; the goal of the fundamental R&D in Phase 2 (2006-2010) will be to establish the technical basis
for surface-based investigations and that in Phase 3 (after 2011) to establish the technical basis for

investigations using underground facilities.
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Figure 1.1.1-1 Goals of the R&D plan (2001-2005) mapped onto specific work areas
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Flgure 1.1.1-2 Two URL projects in Japan
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1.1.2 R&D goals of the URL projects

The primary goal of the R&D in the URL project is to improve the reliability of geological disposal
technologies by applying them to specific geological environments. In the H12 report, techniques and
methods for characterising the geological environment were developed based on studies carried out in
existing tunnels in the Tono mine (sedimentary rock) and the Kamaishi mine (granitic rock), as well as
joint research projects in overseas URLs. After comparing and reviewing the information acquired in these
studies and from key literature, it was demonstrated that a safe repository could be designed and
constructed economically based on current engineering technologies or if necessary future developments
thereof and that the long-term safety of geological disposal could be assessed by current modelling and
simulation techniques. It can be concluded that the H12 report successfully demonstrated the feasibility of

geological disposal in principle combining information from various fields.

The reliability of geological disposal technologies will be evaluated based on information on the geological
environment accumulated with the progress of the URL project, with investigations advancing stepwise
starting from undisturbed conditions. A stepwise approach helps in enhancing and ensuring the depth of
understanding of the deep geological environment and eventually developing a sound technical basis for
systematically characterising the deep geological environment. Design and construction of URLs based on
the geological information acquired will result in developing engineering technologies relevant to
geological disposal programmes. A key technical challenge for the geoscientific research in the URL
project will thus be to establish the basis for techniques for characterising the geological environment and
engineering technologies for use in the deep subsurface. In addition, in the Horonobe URL project,
techniques for systematically investigating historical records of natural phenomena, such as seismic
activity, uplift, erosion etc., and acquiring information on the evolution of the geological environment up to
the present will be developed as a case study.

The information and knowledge acquired through geoscientific research will be used as key input for R&D
aimed at improving the reliability of repository engineering technologies and developing advanced safety
assessment methodologies. In addition, rock and groundwater samples obtained in the geoscientific
research will be utilised in the R&D. At the same time as enhancing confidence in the reliability of the
underlying engineering technologies for an engineered barrier system (EBS) and the applicability of design
and safety assessment methodologies, as shown in the HI12 report, it will be important to iterate such
developments based on the increasingly detailed geological information accumulated. In this way, the
applicability of geological disposal technologies can be confirmed. Consequently the relationship between
the degree of understanding of the geological environment and the sensitivity of the characteristics of the
geological environment in a safety assessment or the required volume of investigations can be reviewed by
feeding the confirmed results back into geoscientific research. Key issues for the planning and/or
evaluation of repository design and construction can be identified and compiled as a knowledge base,
depending on the progress of the stepwise investigations and the depth of understanding of the geological
environment. Laboratory and engineering-scale experiments under controlled conditions or experiments
using radionuclides also provide an understanding of various phenomena relevant to the geological
disposal system. In the Horonobe URL project, R&D on geological disposal technology is conducted in
parallel with geoscientific research, which, particularly in the phases subsequent to Phase II of the project,
will involve using drifts for experiments to confirm EBS construction technologies and their performance

in sedimentary rock and in situ experiments for improving the reliability of safety assessment models'?.
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1.1.3 Role of the URL projects in Japan

The role of the URL projects in Japan is to develop and confirm the relevant technologies that will be
applied in a real geological environment. This is achieved by maintaining an awareness of the overall goal
— accurate understanding of the geological environment — while setting tasks such as data acquisition and
evaluation of the applicability of the technologies. This will lead to optimisation and improvement of the
technologies, as well as an understanding of the adequacy and limitation of technologies. Understanding
the limitations of the technologies will form a basis for the detailed planning of repository implementation
and the formulation of realistic safety regulations. Since the waste disposal project will proceed stepwise,
as specified in the Act, and safety regulations will be developed in accordance with the progress of the
waste disposal project, these activities should be preceded by R&D that will provide a sound technical
basis for them. It is of particular importance that the results from each URL investigation phase should be
synthesised and reported with an appropriate lead-time for the site selection process. This is also essential
for reviewing the design and safety assessment methodologies for the geological disposal system using
information on the specific geological environments, which will be acquired through the URL programme.
This will thus ensure adequate techniques for characterising the geological environment efficiently and an
efficient approach to reviewing the design and safety assessment methodologies for the geological disposal

system based on limited stepwise information on the geological environment.

When designing a disposal system and evaluating its safety based on the results of characterisation of the
geological environment, major challenges include understanding the spatial heterogeneities of the actual
geological environment and addressing the uncertainties associated with these heterogeneities. This
involves frequent trial and error and repeated feedback. In general, the depth of understanding will increase
in proportion to the extent of investigations. However, the further the investigations progress, the less the
increase in understanding and cost effectiveness of the efforts become. Detailed investigations of the
geological environment generally involve high costs and no investigations, however detailed, will result in
complete understanding. The geological disposal system is inherently associated with various degrees of
uncertainty and the degree of conservativeness to be taken into consideration in the repository design will
vary depending on the level of uncertainty associated with the understanding of the geological environment.
For the actual disposal project, this will be reflected in the degree of conservativeness in the repository
design and, subsequently, in the construction costs. Understanding the geological environment and
reflecting the remaining uncertainties in the margins included in the design and safety assessment is thus a
complex issue and the investigations have to reduce the uncertainties to an acceptable level. Hence, in each
investigation in the stepwise site selection process, it will be important to examine the objectives and
content of the investigations by assessing the level of understanding to be achieved and the requirements to
be considered, as well as identifying issues and uncertainties to be carried over to the next stage. Even for
investigations of a similar scale, the accuracy of the results and the depth of understanding obtained will
vary depending on the geological and geomorphic conditions and the social environment at the site. In
order to reflect such realistic conditions, it is important not only to prepare catalogues of investigation
techniques and equipment, but also to accumulate experience at the site and to learn from actual case
studies. The experience and knowledge gained in the URL projects should support methodologies for
investigations for repository site selection and be used to establish safety regulations. For the URL projects,
efforts should be made to build a knowledge base and to systematise multidisciplinary results and
technological successes as well as experience with failures, recognising that the latter are also important
aspects of the ongoing R&D. The approach to the investigations in the URL projects is thus not linear, but

involves a process in which planning, execution and evaluation are iterated in each phase. Recognising the
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relationship between the progress of investigations and the depth of understanding and reduction of
uncertainties will result in optimisation of the investigation programme as a whole, with the findings of
preceding phases being reflected in subsequent phases.

It is stated in the Long-Term Program” that “The research facility for deep geological environment will
serve not only as a place for scientific investigation, but also as a place for deepening public
understanding of research and development activities related to the geological disposal of waste.
Accordingly, this research facility project should be clearly distinguished from the disposal facility”. 1t is
worth noting in this respect that an agreement between JAEA and the local government restricts JAEA’s
activities in the sense that “JAEA will never bring or use HLW in the URLs and JAEA will never lend or
transfer the URL facilities to the implementing entity”. Collaborative research with domestic and overseas
organisations and experts will also be pursued intensively in the URL projects. The public will have the
opportunity, in the URLs, to experience the deep geological environment first-hand and to increase their
awareness of geological disposal and the associated R&D activities. The investigation programme and

results of the URL projects will be open to the local and national public.

1.2 The Horonobe URL project

1.2.1 R&D goals and items

As described in the Generic Programme (Figure 1.1.1-1), the Horonobe URL project involves geoscientific
research and R&D on geological disposal technology for sedimentary formations, with three major goals:

e  to establish the basis for techniques for characterising the deep geological environment;
e to develop the basis for engineering technologies for use in the deep underground;
e to confirm the applicability of geological disposal technologies in specific geological environment.

With regard to geoscientific research, the R&D item ‘characterisation of the geological environment’
prescribed in the Generic Programme can be divided into two sub-items: ‘development of techniques for
investigating the geological environment’ and ‘development of techniques for long-term monitoring of the
geological environment’. Coupled with ‘studies on the long-term stability of the geological environment’
and ‘development of engineering techniques for application deep underground’, this constitutes four R&D
items. R&D on improving the reliability of disposal technologies consists of three areas: ‘study of coupling
processes in near-field’, ‘demonstration of engineering technologies’ and ‘confirmation of the applicability
of repository design methods’. Development of advanced safety assessment methodologies consists of two
areas, viz. ‘development of advanced assessment models’ and ‘confirmation of the applicability of safety
assessment methodology’. These areas will be addressed in three, partially overlapping, phases extending
over around 20 years from the period before construction of the URL up to the phase after completion of
construction of the underground facilities (Figure 1.2.1-1). The Phase I surfaced-based investigations will
cover seven R&D items, other than ‘study of coupling processes in near-field’ and ‘development of
advanced assessment models’. The Phase II investigations during construction of the underground facilities
will involve eight R&D items and Phase III will address all nine R&D items.
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(updated in March 2007)

Figure 1.2.1-1 Timetable of the Horonobe URL project

The outline geological setup of the region of Horonobe Town consists of Palaeogene to Early Pleistocene
sedimentary sequences, terrace sediments after the Middle Pleistocene and Holocene sediments (sand
dunes and alluvium), which are underlain by a Cretaceous basement' (see Appendix 1). Two large-scale
faults and a fold structure with an NNW strike have been identified'*"'> and active Quaternary structures
such as faults and flexures have also been identified to the east and west of the town'®. It is also known
that the Neogene sedimentary sequences to be characterised (the Wakkanai and Koetoi Formations) have

generally low permeability and contain two types of groundwater, saline and fresh, which dissolve gases.

1.2.2 Progress to date

Under an agreement between the Horonobe Town, Hokkaido Prefecture and JNC (now JAEA), with the
participation of the Science and Technology Agency (now the Ministry of Education, Culture, Sports,
Science and Technology), dated November 2000 on ‘Geoscientific Research in Horonobe’, Phase I of the
Horonobe URL project was initiated in March 2001. The agreement specified that INC would never bring
or use HLW in the area covered by the project and would never lend or transfer the URL facilities to the
implementing entity. JNC was also obliged to close the surface facilities and backfill the underground
facilities after completion of the project. The area is also excluded from being a site for a radioactive waste
repository or an interim storage facility for radioactive waste. In July 2002, based on surveys of existing
information and aerial and ground reconnaissance surveys on a regional scale in the previous year and
taking into consideration preliminary requirements on the geological environment and safety, as well as
social and environmental constraints, an area of 3 km % 3 km square in the Hokushin district in the
north-central part of Horonobe Town was selected as the main area for the surface-based investigations
(URL area). A site for constructing the underground and surface facilities (URL site) was subsequently
selected in the URL area, 3 km from central Horonobe. The selection was based on social conditions and
the availability of infrastructure, including roads and land use restrictions, in addition to available
geological and hydrogeological information. JNC purchased the site in March 2003 (Figure 1.2.2-1). In
June 2003, preparation of the land started and, in April 2005, construction of the underground facilities was
initiated, as were the Phase II investigations'”. Excavation of the Ventilation Shaft began in November
2005. Phase I investigations continued for approximately five years up to the end of March 2006, during
which time aerial geophysical surveys and various surface-based investigations were conducted and

supporting laboratory investigations using field information and rock and groundwater samples taken.
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Figure 1.2.2-1 Location of the URL area and URL site in Horonobe Town, northern Hokkaido

1.3 Synthesis of the Phase | investigations

1.3.1 Aims and scope

Synthesis of the results from the Phase I investigations involved systematically compiling the results and
knowledge from surface-based investigations up to the end of March 2006. This synthesis is important for
evaluating the Phase I goals for which the investigations have been carried and for identifying issues to be
addressed in the future, as well as providing guidelines for the investigations in Phase II and subsequent
phases. The results of the synthesis should be used as a knowledge base that supports both NUMO’s
repository implementation (e.g. preliminary investigations and detailed surface-based investigations for
site selection) and the formulation of safety regulations by national agencies (e.g. establishing siting factors
for the selection of detailed investigation areas and guidelines for the safety review). The results of the
Phase I investigations were incorporated into supporting reports 1-3 of the project “H17: Development and
Management of the Technical Knowledge Base for the Geological Disposal of HLW” (H17 report)'” 2"
published in September 2005.

The strategy for the synthesis of Phase I was specified as compiling the results of the investigations and
associated knowledge in accordance with the goals of Phase I and defining the investigation needs in Phase
I and subsequent phases. More specifically, all the results obtained during Phase I, including those
obtained after publication of the H17 report, will be compiled and synthesised and, based on future issues
identified in the H17 report and comments provided on the H17 report, the techniques for characterising
the geological environment and engineering technologies for deep underground application, developed
during Phase I, will be reviewed. Also, from the viewpoint of establishing a knowledge base for geological
disposal technologies, it is important to document the full spectrum of experience, including both successes
and failures.
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The report on the Phase I synthesis of the Horonobe URL project consists of two volumes: “Geoscientific
Research” and “Geological Disposal Research”. The present report, Volume “Geoscientific Research”,
documents the results of the following R&D items: ‘development of techniques for investigating the
geological environment’, ‘development of techniques for long-term monitoring of the geological
environment’, ‘studies on the long-term stability of geological environment’ and ‘development of
engineering techniques for application deep underground’, while the report, Volume “Geological Disposal
Research”, presents the results of ‘demonstration of engineering technologies’, ‘confirmation of the
applicability of repository design methods’ and ‘confirmation of applicability of safety assessment

methodology’.

1.3.2 Structure of the report on geoscientific research

This report describes the synthesis of geoscientific research conducted in Phase I of the Horonobe URL
project in seven chapters. Chapter 2 provides an overview of the goals of the geoscientific research in
Phase I and outlines how the investigations were conducted. Chapter 3 presents selection of the URL area
and the URL site, the basic site selection policy in each phase, selection factors and results of the selection,
as well as the importance of factors for selection and requirements as confirmed by experience with the
selection process for the URL area and the URL site. Chapter 4 compiles the results obtained from
intensive characterisation of the geological environment in the light of geological properties and processes
of relevance for geological disposal; surface-based investigation techniques for sedimentary formations are
also presented. The content of Chapter 4 corresponds to three R&D items: ‘development of techniques for
investigating the geological environment’, ‘development of techniques for long-term monitoring of the
geological environment’ and ‘studies on the long-term stability of the geological environment’ as specified
in the Generic Programme®. Chapter 5 on development of engineering techniques for application deep
underground describes design and construction technologies for underground facilities in sedimentary
formations (soft rock) developed through discussion of the specifications and layout of the repository, as
well as methods for ensuring safety in the underground facilities. Chapter 6 presents the results of an
environmental impact assessment for surface and underground facilities. Finally, Chapter 7 summarises the

results of the Phase I geoscientific research and discusses future perspectives.

Note that this report is based on an original Japanese document (JAEA-Research 2007-044), but does not
represent a direct translation as the content has been modified (and partly corrected) in an appropriate

manner to make it more straightforward for an international audience.
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2. Overview of the Phase | geoscientific research

Multidisciplinary geoscientific research was conducted during Phase I of the Horonobe URL project,
including stepwise investigations and preparation of a design and construction plan for the underground
facilities, in accordance with the specific goals established as part of the two major goals of the project. In
the early stage of Phase I, investigations were conducted for the whole area of Horonobe Town in order to
select a URL area (where surface-based investigations will be focussed) and the URL site (where the
surface and underground facilities will be constructed) and extensive investigations were then conducted in
and around the selected URL area. Investigation and monitoring of the surrounding geological
environment were also conducted continually throughout Phase I, considering the potential environmental
impact associated with the construction of the URL.

This chapter describes the goals of the investigations and the basic approach for implementing the

investigations in Phase 1.

2.1 Goals in Phase |
The geoscientific research during Phase I of the Horonobe URL project has two specific goals based on the
major goalsl) described in Subsection 1.2.1:

a) development of conceptual models of the geological environment and enhancing understanding of the
undisturbed deep geological environment before tunnel excavation;
b) detailed design of the underground facilities and formulation of a construction plan.

The former (a) involves acquiring information on the deep geological environment throughout the
surface-based investigations, with the aim of improving understanding of the undisturbed conditions before
construction of the underground facilities, particularly on properties and processes that would be relevant
for geological disposal. It also involved stepwise modelling and analysis of the geological environment
(geological structure, hydrogeology, hydrochemistry and rock mechanics) through integration and
interpretation of the information obtained. This is expected to lead to establishing systematic techniques for
characterising sedimentary formations.

The latter (b) involves formulation of specifications for, and designing the layout of, the underground
facilities and preparation of a design and construction plan for the facilities, based on information on the
geological environment obtained through the surface-based investigations, the plans for investigations in
the underground facilities and conventional construction techniques, with the main aims being ensuring the
safe construction and operation of the underground facilities and securing the environment for the
investigations in situ. When formulating the construction plan, one consideration is minimising the impact

on the surrounding environment associated with the construction of the underground facilities.

2.2 Basic strategy

Of the Phase I geoscientific research, ‘characterisation of a specific geological environment’ aimed at
achieving goal (a) will be a key aspect of establishing systematic techniques for characterising the
geological environment, including three R&D items: ‘development of techniques for investigating the
geological environment’, ‘development of techniques for long-term monitoring of the geological
environment’ and ‘studies on the long-term stability of the geological environment’. They also serve as a
basis of the selection of the URL area and the URL site and provide input for formulating the design and
construction plan of the underground facilities under (b) above.
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This section describes the key properties and processes of the geological environment to be investigated in

the surface-based investigations.

2.2.1 Key properties and processes of the geological environment

The main safety functions to be served by the geological environment in a geological disposal system will
include physically isolating the waste for a sufficiently long period of time, maintaining conditions
favourable for the EBS and preventing or attenuating potential release of radioactivity”?. The
requirements on the geological environment in terms of long-term physical isolation of waste have been
formulated as ‘environmental requirements to be considered at the selection of the Preliminary
Investigation Areas (PIAs)3). The geological environment of interest is expected to have the following
properties and features in order to meet these requirements and to ensure the feasibility and applicability of
geological disposal technologies:

e occurrence at both an appropriate location and adequate depth with sufficient spatial extent for the
construction of a repository;

e almost homogeneous stress conditions and low ground temperatures with a view to ensuring safe
design and construction and maintaining the integrity of the engineered barriers and the disposal
facilities;

o low groundwater fluxes, moderately alkaline groundwater chemistry and reducing conditions, with
the aim of restricting erosion of the buffer material, corrosion of overpack and dissolution of the waste
glass matrix;
slow and long groundwater flow paths, ensuring sufficient retardation of radionuclide migration;

e dilution and dispersion of radionuclides migrating in groundwater in the context of reducing

radionuclide concentrations.

The geological formations of interest would also be required to maintain a suitable environment for the
engineered barriers and to act as a natural safety barrier for a long period of time. For the surface-based
investigations, the key geological properties and functions were identified and listed as properties and
processes of the geological environment to be investigated in relation to safety assessment of the
geological disposal system, with reference to a generic FEP (Features, Events and Processes) list”
developed by international collaboration and FEP lists”® developed for sedimentary formations being
investigated in Europe; in particular the Opalinus Clay in Switzerland, and investigation items and
methods listed for preliminary investigations'-” (Figure 2.2.1-1).

In the Horonobe URL project, design and construction will be conducted based on information on the
geological environment obtained through surface-based investigations (see Chapter 5 for details). The
properties and processes of the geological environment to be investigated therefore need to be reviewed
from the viewpoint of design and construction of the underground facilities. The current trend in geological
disposal projects highlights®'? the importance of evaluating not only the impact on the safety of the
human environment but also societal and environmental impacts, as is the case for large-scale projects such
as construction of tunnels and dams. For the URL project, investigations will be conducted in parallel with
the construction of the underground facilities and it will thus be possible to evaluate the specific impacts of
construction of the surface and underground facilities on the surrounding environment (groundwater levels,
water chemistry etc.). With this unique feature of the project in mind, the properties and processes to be
investigated were identified from the viewpoint of design and construction of the underground facilities
and the environmental impact assessment (Figure 2.2.1-1).
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A more specific aim during the surface-based investigations of the geological environment would be to
clarify the identified key properties and processes of the geological environment with special emphasis on
the safety assessment. In each discipline, it would be necessary to develop adequate characterisation
techniques and consequently to establish systematic techniques for investigating, modelling, evaluating the
geological environment through synthesising the results obtained in the different disciplines.

Size and geometry of host rock; heterogeneity within host rock
Size and extent of surrounding formations

Spatial distribution and geometry of transport pathways (groundwater flowpaths)

Spatial variability of magnitude of hydraulic gradient

Spatial variability of hydraulic properties of rocks

Redox conditions

Spatial variability of groundwater pH values
Spatial distribution of different groundwaters; degree of groundwater mineralisation
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Sorption capacity and diffusivity of rock matrix and of transport pathways

Geometry of transport pathways; depth of diffusion-accessible rock matrix
Effect of colloid/organics/microbes on nuclide transport/retardation

Spatial distribution of higher-permeability rocks, aquifers and surface waters

Spatial variability of water fluxes in higher-permeability rocks, aquifers and surface waters
Regional and local stress regime

Spatial variability of petrophysical/geomechanical properties of rocks

Volume of inflow into underground tunnels; volume of gas emission from host rock
Size and structure of EDZ; petrophysical/geomechanical properties of EDZ
Distribution of discontinuities intersecting underground tunnels

Spatial variability of geothermal gradient

Thermal rock properties

Design/construction of
underground facilities

Impact on water table
Environmental impact of Impact on hydraulic pressure
construction of :
underground facilities Impact on groundwater chemistry

Environmental
assessment

Effects of noise and vibration

Figure 2.2.1-1 Key properties and processes of the geological environment for safety assessment,
design and construction of the underground facilities and environmental impact
assessment

2.2.2 Stepwise surface-based investigations

In Phase I of the Horonobe URL project, all surfaced-based investigations were conducted under a
restriction that limits the investigation area to within the region of Horonobe Town. The surface-based
investigations are divided into two stages: those ‘in the whole Horonobe Town’ area and those ‘in and
around the URL area’ (Figure 2.2.2-1).

(1) Investigations in the whole area of Horonobe Town

During the investigations in the whole area of Horonobe Town (the first two years of Phase I), as discussed
in Chapter 3, a URL area and a URL site were selected by focussing in stepwise on areas of interest'"'?.
Along with the progress of the selection process, investigations evolved stepwise from those using existing

information through aerial reconnaissance surveys and ground exploration to borehole investigations
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(HDB-1 and HDB-2); they also moved from regional to site-specific surveys in order to obtain more

detailed information on the geological environment'?.

(2) Investigations in and around the URL area

The investigations in and around the URL area can be divided into three types: investigations using
existing information, ground exploration and borehole investigations. The investigations using existing
information involve integration and interpretation of information obtained during the investigations
covering the whole area of Horonobe Town and identifying issues not addressed in this stage. Based on the
results and focussing on determining the spatial distribution of the Omagari Fault and the characteristics of
the geological environment and acquiring geological information for the URL site, the latter two types of
investigation were conducted. More specifically, ground exploration and borehole investigations were
conducted iteratively in parallel in and around the URL area'? (see Appendices 2 and 3), as shown in
Figure 2.2.2-1. The aim of this approach is to identify any problems associated with the investigation
techniques used for certain investigation targets and to improve these techniques by iterative application.
Examples include ground geophysical surveys for determining the distribution of large-scale
discontinuities (e.g. the Omagari Fault), one of the key features to be characterised for geological disposal,
and excavation techniques for oil- or gas-bearing sedimentary formations (soft rock). The basic approach
employed in each of the investigations was an iteration of planning, execution of exploration and

evaluation of exploration results.
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Figure 2.2.2-1 Characterisation of the subsurface geological environment at Horonobe
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1) Investigations based on existing information

Literature information collected for selecting the URL area (open literature) and data obtained by regional
surveys (aerial and ground geophysical surveys, surface geological surveys and HDB-1 and HDB-2 deep
borehole investigations) were used to overview the characteristics of the geological environment in and
around the URL area. Plans for the surface-based investigations and borehole investigations were also
formulated based on the results.

2) Ground exploration
Ground exploration, aimed mainly at acquiring information on the location and properties of large-scale
discontinuities such as the Omagari Fault, include surface geological surveys, gas analyses using shallow

1319 Shallow subsurface

boreholes and regional reflection seismic and electromagnetic surveys
hydrological investigations were also conducted for drainage basins around the URL area in order to
calculate the groundwater recharge volume used for setting the upper boundary conditions in the
groundwater flow analysis; surface water chemistry was also analysed to acquire data for surface waters

(river water and shallow groundwater) for hydrochemical modelling'®™'®.

3) Borehole investigations
Shallow and deep borehole investigations were conducted from the ground surface. As the former are
included in the surface-based investigations, only the deep borehole investigations are described here.

The objectives of the deep borehole investigations include determining the geological setting in and around
the URL area, particularly the distribution and geometry of the Omagari Fault and the detailed
characteristics of the geological environment, acquiring information required for designing the
underground facilities and obtaining information on the geological environment surrounding the
boundaries of URL area required for modelling and analysis purposes. Since the HDB-1 borehole had been
drilled in the URL area during the URL area selection stage, drilling locations were selected so as to be
distributed evenly over the area of interest, taking into consideration the data obtained in the HDB-1
borehole and the identified investigation objectives (see Appendix 4). An additional nine deep boreholes
(HDB-3 to HDB-11) were drilled with lengths between 470 m and 1,020 m'?"'®. In these boreholes,
investigations were conducted for the Wakkanai and Koetoi Formations to acquire accurate data on the 3D
distribution of geological structures, discontinuities, the hydraulic and mechanical properties of the target
formations as well as groundwater chemistry. This included core logging, geophysical logging, fluid
logging, hydraulic testing, groundwater sampling and rock mechanical testing. After these investigations
had been completed, long-term monitoring systems were installed in the boreholes to monitor groundwater
level, pressure and chemistry (see Appendix 3). The results of the deep borehole investigations are
overviewed in Appendix 5.
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3. Selection process for the URL area and site

Phase I of the Horonobe URL project consisted of selecting a URL area (the main area of 3 km x 3 km
square for the surface-based investigations) and a URL site (the site for constructing the underground and
surface facilities), which involved establishing fundamental factors relating to the geological environment
and safety, surface-based investigations of the geological environment, stepwise narrowing down of target
areas (sites) from the whole area of Horonobe Town through candidate URL areas and, finally, to a URL
site. This selection process was based on information on the geological environment acquired by the

investigations and took social and environmental conditions into consideration.

This chapter describes the selection process for the URL area and the URL site. Section 3.1 describes the
technical requirements and social and environmental conditions considered in the selection of a URL site
and the selection procedure, while Sections 3.2 and 3.3 summarise the process leading from establishing
potential URL areas to selecting candidate URL areas. Section 3.4 describes the selection of the URL area
and Section 3.5 the selection of the URL site. Finally, technical findings are summarised in Section 3.6. It
should be noted that the requirements and conditions described here are those that apply specifically to the
selection of a URL site and will be different from those used for selecting a final disposal site.

3.1 Basic strategies for the selection process of the URL area and site

3.1.1 Requirements for the URL site

As stated in Chapter 1, the underground facilities in the Horonobe URL project (referred to as the URL in
this chapter) provide an R&D platform for testing geological disposal techniques in an actual geological
environment, with a view to enhancing their reliability and confirming their practicality and applicability.
Of importance will be to develop investigation and evaluation techniques and engineering methods that are
applicable to the various geological environments found in Japan. The URL is also expected to be used as a
location for promoting a wider understanding of geological disposal. Therefore, the criteria used for
selecting the URL site are clearly different from those taken into consideration when selecting a final

disposal site"?.

Two criteria were defined as being fundamental for the selection of a URL area and a URL site, viz.:

e the presence of a suitable rock formation and groundwater (geological environment criteria);
e a sufficient volume of rock for the safe construction of the URL and the execution of R&D activities

(safety factor)’).

Specific technical requirements for the criteria and social and environmental conditions, which had to be
taken into consideration are described below.

(1) Rock mechanical properties

Based on data of the rock mechanical properties obtained from a deep borehole (D-1) drilled at Horonobe
by the Power Reactor and Nuclear Fuel Development Corporation (PNC; now JAEA) before the start of
the Horonobe URL project4), it was considered possible to safely construct the URL up to a maximum
depth of 500 m, taking into account current engineering technologies and rock properties investigated.

(2) Geological structure

It was realised that excavation of a shaft or drift at a location with a steep bedding plane (e.g. near the fold

axis) could result in a landslide along the bedding plane, leading in turn to a high risk of tunnel collapse. It
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was also expected that, at such a location, the horizontal variation of rock type will be significant and it is
likely that the rock formations that overlie or underlie the target formation will be encountered during deep
underground excavation of a drift. Thus, as a preference in terms of geological structure, it was considered
that an area or site with a small dip should be selected to ensure safe construction of the URL and to
improve the chance of encountering the particular target formation.

(3) Geology

Neogene sedimentary formations, which are widely distributed throughout Japan, were selected for
investigation in the Horonobe URL project. As described in Chapter 1, Japanese legislation (i.e. the Act)
states that HLW should be disposed in deep geological formations at depths greater than 300 m below the
ground surface to isolate the waste from the human environment over the long-term. In addition, the
required formation thickness was defined assuming that the shaft would reach a maximum depth of 500 m.
Hence, an area had to be selected where the target Neogene sedimentary formation distributes in a depth
range of 350-500 m and two or more formations outcropping in the drifts should be avoided.

(4) Groundwater chemistry

Groundwater chemistry was not considered when selecting the URL site. However groundwater had to be
present to allow investigation of hydrochemical conditions and groundwater flow. Based on the D-1
borehole investigation results”, it was assumed that saline groundwater with high mineralisation is present
in the sedimentary formations in the Horonobe Town area. It was thus necessary to develop disposal
techniques and safety evaluation methods for such a geological environment.

(5) Social and environmental conditions

Since there are a variety of organisations, individuals and regulations, it was considered important to
perform preliminary surveys of the potential URL areas before starting field activities. Social conditions
include, for example, designation as a special area such as a national park, or environmental protection
areas such as a wildlife sanctuary, land use (designation as a forest reserve, river source or farming area),
land ownership (housing, farmland, forestry areas, hot springs and mining rights) and historic relics or
ruins. Environmental conditions include impacts associated with the URL construction on flora and fauna
or peripheral environments (river water, groundwater, soil etc.). In particular, more attention will be
required regarding development in the habitats of rare animal and plant species.

3.1.2 Stepwise selection process for the URL site

The selection process of the URL site in the Horonobe Town area proceeded stepwise as shown in
Subsection 3.1.1, by defining technical requirements and relevant social and environmental conditions,
selecting two or more areas or sites that meet these requirements and conditions through investigations
based on existing information and field exploration and, finally, comparing these areas or sites in terms of
technical criteria and a comprehensive evaluation taking social and environmental conditions into account.

In order to make efficient use of time and resources, surveys based on existing literature references and
open information and hearings at the sites were conducted as far as possible before starting the field
investigations in order to identify areas that seemed likely to meet the requirements for the URL area. Field
investigations were conducted to acquire detailed information on the geological environment, by
increasing the level of detail from aerial reconnaissance surveys through ground exploration to borehole

. . . 3
nvestigations ),
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3.2 Selection of potential URL areas

3.2.1 Requirements for potential URL areas

One of the technical requirements for the selection of potential URL areas was that a target formation
exists where the URL could be constructed and maintained safely; the formation would occur at a depth of
around 350 m with a thickness of about 150 m. Although groundwater chemistry was not a factor for
selecting the URL area as described in Subsection 3.1.1, as there was a need to investigate saline
groundwater, preference was given to areas where saline groundwater was expected.

3.2.2 Review of existing information

Information on geology and geological structure, topography, meteorology etc. in the Horonobe area was
compiled for the purpose of selecting potential URL areas within Horonobe Town. Existing information
includes literature data and geological maps, as well as the results of oil exploration (as the sedimentary
formation in and around the Horonobe area is oil and gas bearing), gravity and seismic explorations and
the D-1 borehole investigations”. The information is summarised below. The geological map and
geological profile prepared based on the acquired information are shown in Figures 3.2.2-1 and 3.2.2-2

respectively.

The geology of the Horonobe area can be characterised as follows: Horonobe Town is located at the
eastern end of the Tenpoku Sedimentary Basin and has a distribution of Cretaceous basement rock overlain
by the Palacogene Haboro and Magaribuchi Formations, the Middle Miocene Soya Coal-bearing,
Onishibetsu and Masuporo Formations, the Middle Miocene — Pliocene Wakkanai and Koetoi Formations
(the Koetoi Formation subdivided into upper and main facies but presently the upper facies corresponding
the lower section of the Yuchi Formation), the Pliocene — Early Pleistocene Yuchi and Sarabetsu
Formations, Middle Pleistocene and Holocene sediments and terrace sediments deposited after the Middle
Pleistocene and Holocene™. Of these formations, the Haboro and Magaribuchi Formations have not been
observed at the surface, but were encountered in the existing MITI (the Ministry of International Trade and
Industry; now the Ministry of Economy, Trade and Industry) Tenpoku borehole®. The Wakkanai, Koetoi
Yuchi and Sarabetsu Formations are a series of sediments consisting of abyssal — shallow marine —
half-terrestrial — terrestrial deposits that are overlain unconformably”. Each formation consists mainly of
shale, diatomaceous mudstone, fine-grained sandstone, conglomerate, sandstone and siltstone. The
geological structure in the Horonobe area is divided into three parts by the Horonobe Fault and the
Omagari Fault, which have a strike of NNW-SSE”: the eastern part with the Horonobe Fault, the part
between the Horonobe Fault and the Omagari Fault and the western part with the Omagari Fault. Each part
can be characterised as follows: a distribution of Cretaceous — Neogene formations with numerous folds
and faults in the eastern part, the Wakkanai and Koetoi Formations with en echelon folds with a strike
parallel to the fault in the middle part and the Yuchi and Sarabetsu Formations with moderately sloping
folding structures in the western part”. Structures active in the Quaternary, such as faults, flexures and tilts,

are also found in the eastern and western parts”.
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Figure 3.2.2-1 Geological map with the locations o;‘ existingrboreholes for regional exploration in
the Horonobe area before the start of the Horonobe URL project
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Figure 3.2.2-2 Schematic geological profiles thorough the sedimentary formations at Horonobe
Cross-sections along the A-A’ to F-F’ lines shown in Figure 3.2.2-1
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Exploration and development of coal, oil and natural gas deposits has been carried out in the Tenpoku
region, including the Horonobe Town. The eastern part of the Nukanan Fault (Figure 3.2.2-1) was
exploited as the Tenpoku Coal Field and coal mines were also developed at some locations in Horonobe
Town. The west side of the Nukanan Fault contains the Tenpoku Oil Field, where a geological survey was
carried out around 1910. Mining and exploratory excavation of oil and natural gas deposits trapped in
anticlines was also carried out, mainly in the Masuporo Formation, but no oil field was developed. Natural
gas, however, has been produced for about 36 years in the Toyotomi Gas Field, neighbouring the northern

part of Horonobe Town; the cumulative production is estimated to be about 200 million m® '?.

The climate in this area can be classified into two types, viz. an oceanic climate and an inland climate,
since the area is located in the northernmost part of Hokkaido and faces both the Japan Sea and the
Okhotsk Sea. The part facing the Japan Sea receives the effects of the monsoons prevailing in winter, but
the atmospheric temperature is higher compared with the part facing the Okhotsk Sea; the maximum
temperature is observed in August and the lowest temperature in January. The average annual rainfall for
northern Hokkaido is 1,195 mm, almost the same as the average for the whole Hokkaido area, and the
rainfall inland is higher with 1,400 mm or more'”. The trend is the same for weather observations
conducted at several points in Horonobe Town'?. Existing data on rivers obtained by measuring discharge
once a year indicated a specific discharge of 0.2-0.69 m® s per 100 km® for most of the rivers investigated.
The influence of seasonal variation of rainfall was not taken into account owing to lack of information.
With regard to groundwater chemistry, the concentrations of Na" and K are high, which indicates a
potential effect of windborne salt or spring water'". The investigation of groundwater chemistry described
in this report was conducted for groundwater sampled at a relatively shallow depth (approximately 100 m)

and information on deep groundwater chemistry is not included.

Information on the hydraulic properties, deep groundwater chemistry and rock mechanical properties is
included in the report on the D-1 borehole investigations”. Methane (CH4) gas was found in saline

groundwater from the Koetoi Formation. The head distribution is hydrostatic in general.

3.2.3 Selection of four potential URL areas

The selection of potential URL areas was based mainly on geological structure and distribution. Based on
existing information from gravity explorations, seismic surveys and available borehole data'”, a geological
map (Figure 3.2.2-1) and geological profile (Figure 3.2.2-2) were produced for the whole area of Horonobe
Town and three areas (A, B and C) were selected as the areas where Neogene sedimentary formations of
interest for the Horonobe URL project (i.e. the upper part of the Masuporo Formation, the Wakkanai
Formation and the main part of the Koetoi Formation) were assumed to be distributed horizontally with a
thickness of about 150 m at a depth of about 350 m. Area B is larger than arecas A and C and the
sedimentary formations are continuous from north to south for greater than 10 km. In order to investigate

its heterogeneous geological properties, area B was divided into two sub-areas, B1 and B2 (Figure 3.2.3-1).

The groundwater flow system was ascertained preliminarily by simulation covering the whole area of
Horonobe Town, using existing information on topography, geology and hydrogeology'®. In the
groundwater flow simulation, the change in groundwater level around the site for construction of the URL
was estimated assuming the groundwater flow field (flow direction and flow velocity) prevailing in the
Horonobe area.

After the above technical review, the aims and schedule for the investigations in each area were decided

based on existing information on groundwater chemistry, land use classification and infrastructure. A
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summary of the characteristics of each area based on existing information, as well as potential problems
and recommended investigation items to confirm the suitability of the area are given below. In selecting a
URL area from a number of potential or candidate investigation areas, it is important, with a view to
optimising costs and time, to define technical requirements in such a way as to restrict the items to be

addressed in the field investigations.
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Figure 3.2.3-1 Four potential areas selected for URL constriJcti_on in Horo’r;dt;e' Town

(1) Background of area A

1) Geological structure and distribution

In this area, the depth of the Neogene sedimentary formations is located at around 150 m at the top of the
anticline in the south and at about 250 m in the north. The moderate dip of 30° or less generally indicates a
horizontal distribution of the Neogene sedimentary formations over several kilometres. The lithofacies of
the target horizon indicate that the main part of the Koetoi Formation consists mainly of massive
argillaceous rocks. These suggested that the Neogene sedimentary formations have a stable geological
structure with sufficient extent and thickness. The area was thus judged as meeting the requirements in
terms of geological structure and distribution.

2) Safety of URL construction
Based on existing information, the sedimentary formations are expected to have moderate dip and a stable
geological structure and hence it was assumed safe to construct and maintain the URL.

3) Social and environmental conditions
A study of land use, landowners and mining rights holders, as well as environmental monitoring, was
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found to be essential for areas A, B1, B2 and C. Based on existing information, a large portion of this area
is privately owned land. The northern part of this area is hilly and infrastructure such as roads has not been
developed, whereas the middle to southern part is flat and infrastructure including roads is well developed.
Although it was recognised that other regulations would need to be considered, construction of the URL
would thus be possible in principle.

4) Potential investigations

Since saline groundwater with a temperature of 34-38°C had previously been found in borehole
investigations in the past for oil and natural gas exploration, it was assumed that saline groundwater was
distributed throughout this area. It was considered possible to investigate the saline — freshwater interface
(boundary between fossil seawater and freshwater) and hydrogeological investigations of the differences in
density between saline groundwater and freshwater would be possible.

5) Recommended investigations to further confirm area suitability
It was recognised that, in principle, some or all of the following should be checked in order to confirm the
suitability of area A as a URL area:

o The area is located in the anticline part of a fold structure and investigations conducted to date for oil
and natural gas exploration suggest the possibility that the sedimentary formation contains a lot of gas.
It is therefore important to confirm the amount of dissolved gas in the groundwater in this area.

e If the depth of the URL is near an unconformable interface with the Quaternary system, rock
conditions may have deteriorated owing to alteration or weathering. Depending on the depth of the
actual top surface and distribution of the Neogene sedimentary formations, construction of the URL
may not be possible. Hence, rock mechanical properties (strength and competence) and the depth of
the actual top surface and distribution of the Neogene sedimentary formations need to be investigated.

e  Since this area is located on the west side of the Omagari Fault, where geological classification and
stratigraphy are not well established, investigations to determine the age, sequence and distribution of

the sedimentary formations would be required.

(2) Background of area B1

1) Geological structure and distribution

In this area, the Neogene sedimentary formations are distributed from the ground surface to a depth of
500 m or more and are expected to continue horizontally in an E-W direction for 8 km or more across the
Omagari Fault. The horizons to be investigated are the Wakkanai Formation and the main part of the
Koetoi Formation, consisting primarily of massive argillaceous rocks. In addition, the sedimentary
formations in this area show moderate folding with a long wavelength and a stable geological structure
with no subdivision by discontinuities such as faults.

2) Safety of URL construction

Since the sedimentary formations may have a steep dip of 60° or more on the west side of the Omagari
Fault, measures against rock fall may be required for construction and maintenance of the URL. On the
other hand, on the east side of the Omagari Fault, the sedimentary formations have a moderate dip of about
30° and the Neogene sedimentary formations are distributed from the ground surface to 500 m or deeper.

Thus, it was considered that the URL could be safely constructed and maintained.
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3) Social and environmental conditions

Privately owned land is widely distributed in this area. In addition, with the exception of a national forest
covering the eastern part of this area, flat and moderately sloping land are common and infrastructure such
as roads is also well developed. Although details of area-specific legal restrictions are unknown, it was
considered that construction of the URL would not present a problem.

4) Potential investigations

The Omagari Fault is considered to be active and could be a target for investigation in this area because it
runs in an NW-SE direction in the western part and may be encountered directly in the URL, depending on
where it is constructed. Since saline groundwater with a temperature of 30°C had been found at a depth of
around 600 m in boreholes drilled in the past for oil and natural gas exploration, it might be possible to
conduct investigations on the profile of the fossil seawater and the saline — freshwater interface.

5) Recommended investigations to further confirm area suitability
It was recognised that in principle some or all of the following should be checked in order to confirm the
suitability of area B1 as a URL area:

o  The potential presence of oil and natural gas would need to be taken into account in the investigations
because this area is located in an anticline and is in the vicinity of the Toyotomi Gas Field. The results
of oil and natural gas exploration indicated that a gas reservoir is located at depths blow 650 m and a
gas production rate of 3,600 m® d”' has been measured in a section of 955-971 m depth. In these
exploratory boreholes, 350-550 m® d”' of gas blowout was recorded from the Wakkanai Formation
and the main part of the Koetoi Formation, which are located in the upper part of the gas-bearing
formation. It is thus important to investigate the amount of dissolved gas in groundwater.

e [t will be necessary to acquire information about the location of the Omagari Fault and the rock
mechanical properties of the surrounding rocks as it may not be possible to construct and maintain the
URL safely, depending on the location and scale of the Omagari Fault and accompanying faults.

o The sedimentary formations may dip steeply in the vicinity of the Omagari Fault and the Masuporo
Formation, in the lower sequence of the Wakkanai Formation, may also be a potential target horizon.
Since the Masuporo Formation is considered to contain oil and natural gas and it is assumed that its
geological structure is more complicated than the Wakkanai and Koetoi Formations, the extent of the
Masuporo Formation and its suitability as a target for investigation would need to be evaluated.

(3) Background of area B2

1) Geological structure and distribution

In this area, the Neogene sedimentary formations are found from the ground surface to a depth of 500 m or
more and are expected to continue horizontally in an E-W direction for at least 4 km across the Omagari
Fault. The target horizons are the Wakkanai Formation and the main part of the Koetoi Formation,

consisting mainly of massive mudstone.

2) Safety of URL construction

Since the sedimentary formations have a moderate dip of about 30° on the east side of the Omagari Fault,
which indicates a more stable geology than on the west side of the Omagari Fault, and the Neogene
sedimentary formations occur from the ground surface to a depth of 500 m or more, the URL could be
constructed and maintained safely.
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3) Social and environmental conditions

Areas outside those restricted by regulations, such as natural parks and wildlife sanctuaries, would come
into question for construction of the URL. However, most of the east side of the Omagari Fault is hilly and
covered in a national forest and minimum infrastructure such as roads has not been developed. Thus, it has
to be taken into account that the URL construction would have to be done from the west side of the
Omagari Fault, where privately owned flat and moderately sloping land are widely distributed and
infrastructure such as roads is relatively well developed.

4) Potential investigations

The Omagari Fault is considered to be an active fault. This fault is located in an NNW-SSE direction in the
western part of this area. The fault may therefore be encountered directly in the URL. Investigation of the
hydraulic characteristics of fossil seawater and the saline — freshwater interface may also be possible since
fossil seawater was observed in borehole D-1 drilled on the west side of the Omagari Fault®.

5) Recommended investigations to further confirm area suitability
It was recognised that in principle some or all of the following should be checked in order to confirm the

suitability of area B2 as a URL area:

o The dip of sedimentary formations may be steep near the Omagari Fault. Therefore, the Masuporo
Formation in the lower sequence of the Wakkanai Formation may be a target horizon for investigation.
Since the Masuporo Formation is considered to contain oil and natural gas and is assumed to have a
more complex geological structure than the Wakkanai and Koetoi Formations, the extent of the
Masuporo Formation and its suitability as a target horizon would need to be evaluated.

e [t would be necessary to acquire information about the location of the Omagari Fault and the
mechanical properties of the surrounding rocks as it may not be possible to construct and maintain the
URL safely, depending on the location and scale of the Omagari Fault and associated faults.

o  The potential presence of oil and natural gas would need to be taken into account in the investigations
because an anticline is located in the area; the Masuporo Formation contains oil and natural gas and
may be one of the horizons to be investigated and very small-scale oil and natural gas indications
have been found at the ground surface. The information about the amount of oil and natural gas in this
area is currently insufficient.

e  The stratigraphy, rock classification and age are not sufficiently clear to the west side of the Omagari
Fault and hence would need to be studied further.

e [t would be necessary to evaluate the feasibility of, and check the restrictions on, construction of the

URL in the national forest on the east side of the Omagari Fault.

(4) Background of area C

1) Geological structure and distribution

In this area, the Neogene sedimentary formations are distributed from the ground surface to a depth of
500 m or more and are expected to continue horizontally in an E-W direction for several kilometres across
the Omagari Fault. The main target horizons are the Wakkanai Formation and the main part of the Koetoi
Formation, consisting primarily of massive mudstone. The dips of the formations are steep, with 40°-60°
in the western and southern parts of this area. In the middle to eastern part, the dip is 30° or less,
suggesting a stable geological structure and appropriate distribution of the Neogene sedimentary
formations. However, the Masuporo and Yuchi Formations may be encountered in this area.
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2) Safety of URL construction

The dips of the sedimentary formations are expected to be steep in the western and southern parts of this
area — hence there are large horizontal changes in lithology. Measures against rock fall may be required
during construction and operation of the URL in the western to southern parts of this area. On the other
hand, in the middle to eastern parts, the sedimentary formations have a moderate dip and the Neogene
sedimentary formations are distributed from the ground surface to a depth of 500 m or more. The URL
could thus be constructed and maintained safely. However, for the Yuchi Formation, which consists mainly

of sandstone, precautions would be required for the safe construction and maintenance of the URL.

3) Social and environmental conditions

Since this area is adjacent to a wildlife sanctuary, care will be necessary in planning the investigation
programme because the URL construction may affect the sanctuary, even though the area is actually
outside restricted areas such as natural parks and wildlife sanctuaries. In addition, the URL construction
may not be straightforward because, except for a small, moderately sloping region along the prefectural
road in the northern part of this area, hilly country prevails, without infrastructure such as roads.

4) Recommended investigations to further confirm area suitability
It was recognised that in principle some or all of the following should be checked in order to confirm the
suitability of area C as a URL area:

o  This area is located in the Tenpoku Coal Field and relatively few investigations have been conducted
on oil and natural gas. This means that the geology and the geological structure are not as clear
compared with other area. Hence, investigations to determine the age, stratigraphy, geological
structure and extent of the rock formations of interest would be required.

e The URL in this area may encounter the Masuporo and Yuchi Formations. Since the Masuporo
Formation is considered to contain oil and natural gas and it is assumed that the geological structure is
more complex than that of the Wakkanai and Koetoi Formations, the extent of the Masuporo
Formation and its suitability as a target rock formation would need to be checked. For the Yuchi
Formation, which consists mainly of soft, fine grained sandstone, rock mechanical strength and
suitability as a target for investigation would need to be evaluated.

e Since most of this area is covered with the Teshio Experimental Forest of Hokkaido University, it
would be necessary to evaluate the feasibility of, and check the restrictions on, the URL construction.
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3.3 Selection of the candidate URL area

3.3.1 Requirements for the candidate URL area

The requirement that construction of the URL should not affect hot springs around Horonobe Town was
added to the requirements and conditions described in Subsection 3.2.1. The information on the
distribution of hot springs around the town was acquired after the start of the field surveys.

3.3.2 Aerial reconnaissance surveys
Aerial geophysical surveys were conducted for the potential URL areas, with the primary aim of checking

the geological structure estimated on the basis of existing information.

(1) Methods and approach for the surveys

Aerial geophysical surveys are considered to be particularly effective in the initial stages of regional
investigation programmes as they can provide information on large-scale regional geological structures by
combining techniques such as electromagnetic, magnetic and radiometric surveys. The electromagnetic
method is suitable for obtaining information on differences in rock types, the magnetic method can be used
to identify large-scale or deep geological structures and the radiometric method to identify large-scale

near-surface discontinuities.

Aerial geophysical surveys were planned for all four areas where the Neogene sedimentary formations
were assumed to occur to a depth of around 500 m with sufficient extent and thickness, except for area C
where permission was refused from the land owners. Line spacing was 250 m for the main survey lines and

2 km for the cross survey lines; flying height was 60-120 m (Figure 3.3.2-1).

(2) Results of the surveys

The data from the aerial electromagnetic surveys indicated a high specific resistivity of 30-500 Q m in the
area of the Yuchi and Sarabetsu Formations, which consist mainly of sandstone and conglomerate. In the
area where the Masuporo, Wakkanai and Koetoi Formations are found, a low specific resistivity of
1-10 Qm at a depth of tens of metres or more was observed, while a high specific resistivity of

50-200 Q m in the range from the ground surface to tens of metres in depth was observed (Figure 3.3.2-2).

The results obtained using the electromagnetic method and aerial magnetic surveys were generally
consistent, except for abnormal NNW-SSE magnetics observed at the boundary between the Yuchi
Formation and the Sarabetsu Formation. In addition, a magnetic anomaly with low continuity was also
observed in the area where the Masuporo Formation is found to the east of the Nukanan Fault. These
magnetic anomalies were considered to correspond to the occurrence of sandy formations, which is
consistent with the trend of the regional magnetic map prepared using existing geological information'”

(Figure 3.3.2-3).

The results of a radiometric survey showed a trend with natural radioactivity being high in the bottomland
along the Teshio River and in streams in hilly areas whereas low in the area where the Neogene
sedimentary formations are distributed. There was no trend showing high radioactivity at locations where

large-scale discontinuities such as the Omagari Fault are assumed to occur.

From the above results, characteristics such as lithology and chemical composition would appear to be
fairly homogeneous in the area where sedimentary formations occur (presenting a low resistivity contrast)
and it was assumed that homogeneous sedimentary formations occur at a depth of around 500 m where the

URL would be constructed. On the other hand, some features that show a low specific resistivity were
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found in the area where the Omagari Fault is assumed to be present, but the results of aerial geophysical
surveys were not sufficiently clear to allow identification of the exact location and configuration of the
Omagari Fault. However, the results of such aerial surveys indicated that the distribution of geology and
geological structures is consistent with that estimated during the selection of potential URL areas in
general and is also in agreement with the results obtained using borehole D-1%. Therefore, the conclusions
regarding the selection of potential URL areas (areas A, B1 and B2) can be considered to be appropriate.

In addition to the above technical findings, the importance of providing advance information on planned
activities was acknowledged because stock farming prospers in Horonobe Town and the impact of noise

from the helicopters used for the aerial surveys was an issue of concern.
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Figure 3.3.2-1 Areas for aerial reconnaissance surveys in Horonobe Town
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Figure 3.3.2-3 Image of resistivity distribution observed by airborne magnetic survey-
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3.3.3 Investigations from the surface

The stratigraphy of the Neogene sedimentary formations in the Horonobe area has not yet been established
because they consist of massive mudstone with little change in lithofacies. The Omagari Fault, which cuts
through the centre of Horonobe Town, is assumed to be a thrust fault dipping to the east with a vertical
displacement of several hundreds to more than a thousand metres; it is also assumed to have been active in
the Quaternary'®. Since fault outcrops have not been observed in the Horonobe Town, sufficient data have
not yet been obtained on the location and dip of the Omagari Fault and the presence of fracture zones or

fault activity.

Surface-based investigations were conducted with the aim of enhancing confidence in the results of aerial
geophysical surveys, checking existing geological information and obtaining mineralogical data. The
investigations included ground geophysical surveys (electromagnetic), surface geological investigations
and mineralogical examinations of rock samples (microscopic examination, mode analysis, X-ray
diffraction, whole rock analysis, microfossil analysis, RockEval analysis, palacomagnetism analysis and

geochronometry)1 D,

(1) Ground geophysical surveys

.- . . 13
Existing data from seismic surveys'”

carried out to date suggest that these have not provided sufficient
data on the geological structure for this area. Magnetotelluric (MT) and audiomagnetotelluric (AMT)
electromagnetic surveys that had not previously been used here, as well as a 2D resistivity analysis of the
data, were therefore attempted in order to investigate geological structure (Figure 3.3.3-1). The results
showed an NNW-SSE trend for horizontal distribution of the resistivity, which is consistent with the
geological structure of this area. The resistivity obtained in the shallower subsurface environment showed a
clear contrast, reflecting the differing rock types with different resistivities between the west and east sides
of the Omagari Fault; the Yuchi Formation consists mainly of sandstone on the west side of the Omagari
Fault and the Koetoi Formation consists mainly of mudstone on the east side of the Omagari Fault. On the
other hand, the results obtained for a depth of around 500 m showed an ambiguous contrast (Figure
3.3.3-2). This is because the Wakkanai and Koetoi Formations both consist mainly of mudstone and are
distributed on the west and east sides of the Omagari Fault. These data indicate that mudstones with a low

resistivity contrast and similar physical properties are found at a depth of 500 m in this potential URL area.

The geological structure assumed from the aerial and ground geophysical surveys is thus consistent with
that assumed based on existing information, indicating that the rock formations of interest are distributed
homogeneously around a depth of 350 m. It was concluded that the potential URL areas (areas A, B1 and
B2) investigated here meet the technical requirements in terms of geological structure and distribution
(Figure 3.3.3-3).
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Figure 3.3.3-3 Comparison of schematic geological and corresponding resistivity profiles

(2) Surface geological investigations

Surface geological investigations were performed to confirm the stratigraphical distribution of the
sedimentary formations and the geological structure assumed based on existing information (Figure
3.3.3-4). A good correlation was found between the results obtained and the conclusion drawn by
Yanagida'®, because bioturbation features several centimetres in diameter remain in the diatomaceous
mudstone in the main part of the Koetoi Formation and hard mudstone similar to that found in the
Wakkanai Formation is observed in the lower section of the main part of the Koetoi Formation on the east
side of the Omagari Fault. It was also found, for most of the area where surface geological investigations
were conducted, that the main part of Koetoi Formation occurs on the west side of the Omagari Fault,
while the Wakkanai Formation is distributed mainly on the east side of the Omagari Fault. In addition,
some data that were obtained indicate a dip with a higher angle than that described in the existing literature
although data of the angle and shape for Omagari Fault could not be obtained. New data and information
on the geological properties were generally consistent with the existing geological information.

It was concluded from the results presented above that existing information was generally reliable, but
some open aspects regarding stratigraphy and the distribution of geology were identified, including the fact
that the lithofacies boundary between the Wakkanai Formation and the Koetoi Formation was not clear
with some parts of each formation being misinterpreted as the other formation.
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3.3.4 Borehole investigations

The first borehole investigations in the area of interest were conducted with the main objective of checking
whether the area meets the technical requirements, as well as obtaining direct data on the characteristics of
the geological environment. A further objective was to establish borehole investigation techniques,
including suitability of drill bits, composition of drilling fluids and casing programmes; this was because,
despite recent technological advances, borehole drilling is often associated with problems due to
unexpected geological conditions.

(1) Selection of the borehole investigation site

Based on the results of aerial and surface-based investigations and the situation with regard to land use,
two areas (areas B1 and B2) that met the technical requirements and social conditions were selected from
the potential URL areas and locations for borehole investigations were selected in these two areas.

Area A was eliminated from borehole investigations because a large-scale geological feature known as the
Sarabetsu Anticline was identified and it is reported that about 10,000 m® d™' or more of gas was released
during the borehole drilling for oil and natural gas exploration in the past, leading to terminating of these

1019 This suggests that safe borehole investigations or construction of the URL would be

investigations
less feasible here compared to other areas. Although it might have been possible to make the elimination
when it was first found, based on existing information, that the sedimentary formation in the area contains
gas, i.e. before conducting the aerial and surface-based investigations, elimination as a candidate URL area
was postponed at this point because the possibility of dissolved gas being present in the groundwater was

considered to be common to all the potential areas and no criteria had been set in this respect.
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Area C was also eliminated because aerial and surface-based investigations could not be conducted
because permission was refused from the land owners. Even if these investigations could have been carried
out, construction of the URL would have been difficult owing to these restrictions on land use. However,
areas A and C may still be investigated as candidate URL areas if areas B1 and B2 are found not to be
suitable.

For the areas B1 and B2, locations where the rock formations of interest are located at a depth of around
350 m with a thickness of around 150 m were identified based on the aerial and surface-based
investigations and several of these locations were selected as borehole investigation sites. The locations of
the boreholes were on the west side of the Omagari Fault in area B1 and on the east side of the Omagari
Fault in area B2. The reasons behind selecting the borehole investigation sites were to understand the
geological properties, their heterogeneities and the influence of the Omagari Fault. When selecting the
borehole investigation sites, it was important to consider data that would be useful when selecting a URL
area and a URL site, as well as the need to check the technical reliability of geological conceptualisation
based on existing information. The locations of boreholes HDB-1 and HDB-2 were finally selected for
areas B1 and B2 respectively considering the land use and the ease of formalities (Figure 3.3.4-1; see also
Appendix 4). Although the location of borehole HDB-2 is near the boundary between areas B1 and B2,
comparison of data obtained in the two boreholes will provide information on the heterogeneity of the
geological environment, since the sedimentary formations in areas B1 and B2 are continuous and the two
boreholes are located at a distance from one other.

(2) Overview of the investigations

The borehole investigations were conducted with the main aim of confirming that the rock formations of
interest are located at a depth of around 350 m with a thickness of 150 m, as well as obtaining data on rock
mechanical properties for designing the URL, data required for developing hydrogeological models and
analysing groundwater flow and confirming the presence of saline groundwater. The data will be used for
identifying suitable techniques for evaluating the geological environment, reviewing geological
environment models and improving the reliability of groundwater flow analyses by comparing them with
existing information collected and compiled on the geological environment before starting the field
investigations. Generally rock mechanical data should be obtained in the vicinity of the URL for designing
the underground facility. However, since the Wakkanai Formation is rather homogeneous, it was
considered possible that sufficient information could be obtained from the initial borehole investigations.

A drilling depth of 500 m would be sufficient from the viewpoint of obtaining data on rock mechanics and
information to be used as input for construction of drifts at depths between 350 m and 500 m in the URL.
However, for the groundwater flow analysis covering an area up to 5,000 m in depth, it will be necessary to
build confidence in the results of the analysis based on existing information using data on the hydraulic
regime (including hydraulic conductivity and pore pressure) from much deeper than 500 m. It was finally
decided to drill the boreholes to a depth of 720 m with a view to obtaining the data on hydraulic properties

required for analysing the impact associated with the construction activities' 2",
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Flgure 3.3.4-1 Borehole investigations at HDB-1 and HDB-2

(3) Results of the investigations

The discussions surrounding the selection of a URL area are summarised here. Details of the investigations
will be presented in Chapter 4. Data obtained in boreholes HDB-1 and HDB-2 indicated that the target
rock formations (the Wakkanai Formation and the main part of the Koetoi Formation) can be found from
near surface to a depth of 720 m. The boundary between the Wakkanai Formation and the main part of the
Koetoi Formation was observed at a depth of 321.0 m (now revised to 325.0 m) in borehole HDB-1 and at
56.7 m (now revised to 41.4 m) in borehole HDB-2. The section from the boundary to the bottom of the
boreholes was made up of the Wakkanai Formation (see Appendix 5). Core samples were subjected to an
unconfined compression test, which indicated a mechanical strength of 10-35 MPa at a depth of 500 m.
Stress measurements in the boreholes indicated maximum principal stresses of 12.37 MPa for borehole
HDB-1 (585.0 m depth) and 13.94 MPa for borehole HDB-2 (535.5 m depth). The ratio of maximum
principal stress to minimum principal stress in the horizontal plane was less than 1.5 for both boreholes,
suggesting that there is no significant anisotropy. These data support the assumption that the URL could be

safely constructed and maintained in both areas".

With regard to the hydraulic properties of the sedimentary formations, the hydraulic conductivities were in
the order of 10" ms™ in borehole HDB-1 (interval of 370.0-395.0 m depth) and 10° ms™ in borehole
HDB-2 (interval of 344.9—404.9 m depth). In general, sedimentary rocks are treated as porous media and
compared to fractured media, the hydraulic conductivity is relatively homogenous. Since low hydraulic
conductivities were measured in both boreholes HDB-1 and HDB-2, the hydraulic conductivity for the
whole area was thus assumed to be low. Although contamination with the drilling fluid employed was not
completely eliminated, the salinity of the groundwater sampled during hydraulic tests was found to be
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lower than that of current seawater by a factor of 2-3 (Figure 3.3.4-2). The same result was obtained from

analysis of the porewater squeezed from the cores.

With regard to dissolved gases in the groundwater, gas blowout was observed during hydraulic packer tests
in borehole HDB-2. The source of the gas was considered to be dissolved gas in the groundwater in the test
interval, because the hydraulic pressure in the test interval decreased as a result of the gas blowout. No
significant gas blowout was observed, by contrast, during the hydraulic tests in borehole HDB-1. Data
from gas analyses of mud used as a drilling fluid and gases sampled during hydraulic tests and gas blowout
from cores indicated that the gas is composed mainly of CH,4, although some contamination with air is
observed (Figure 3.3.4-3).
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Figure 3.3.4-2 Hexadiagram of groundwater sampled from the Wakkanai Formation
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HDB-1 HDB-2

Figure 3.3.4-3 Composition of dissolved gas in groundwater at boreholes HDB-1 and HDB-2
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3.3.5 Environmental assessment

As a baseline reference for selecting a candidate URL area (Figure 3.3.5-1), a regional environmental
assessment was conducted for rare animal and plant species and water supplies (whether or not well water
is used) in the potential URL areas (areas A, B1, B2 and C, except for the Teshio Experimental Forest of
Hokkaido University).

Investigations of flora and fauna identified 36 species as being key species, including endangered species.
The number of key species identified was more or less the same in areas A, Bl and B2. The habitat for
these species was also clarified for each area’ ). Details of these investigations will be discussed in Section
6.2.

The water supply in Horonobe Town consists of groundwater for public, private and industrial use in
coastal areas (in the Shimonuma, Hamasato and Azahoronobe districts and central Horonobe; see
Appendix 2) and surface water for mountain areas (in the Hokushin, Kamihoronobe, Kaishin, Yukou,
Toikanbetsu, Nakatoikan and Kamitoikan districts). Well water is not used in the Yukou, Toikanbetsu,
Nakatoikan and Kamitoikan districts.
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Figure 3.3.5-1 Environmental assessment in Horonobe Town
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3.3.6 Evaluation of the investigation results and selection of the candidate URL area
Data collected by compiling existing information, aerial and ground geophysical surveys, surface
geological investigations, deep borehole investigations and environmental assessment in areas B1 and B2

were evaluated in the light of technical requirements.

e Data obtained by aerial and ground geophysical surveys, surface geological investigations and
borehole investigations indicated that there is a boundary between the Wakkanai Formation and the
main part of the Koetoi Formation at a depth of 321.0 m (now revised to 325.0 m) in borehole HDB-1
and at 56.7 m (now revised to 41.4 m) in borehole HDB-2; the Neogene sedimentary formations are
located at a depth of 350 m with a thickness of more than 150 m.

o  The stability of the shaft and drift was analysed using the rock mechanical properties of the Neogene
formations, based on data obtained in a range of laboratory tests using cores and borehole hydraulic
fracturing tests (unconfined compressive strength of 15 MPa at a depth of around 500 m in borehole
HDB-1 and tensile strength was set at 1/10 of the unconfined compressive strength). The results of the
analysis indicated that the URL could be constructed and maintained safely using conventional tunnel
support. Many fractures were observed in deeper sections of borehole HDB-2 and a discontinuum
analysis was conducted to evaluate the scale and location of potential rock falls. The results indicated
that these could be prevented by increasing the strength of the tunnel support. Temporary values for
fracture properties were used in the discontinuum analysis and more accurate values will be used in
the detailed design®.

e  Variation of the initial stress condition in the Horonobe area will be confirmed. The directions of the
drifts, strength of support measures and configuration of drift cross-sections will be finalised based on
site-specific information after the URL site has been selected.

o The amount of gas blowout expected during construction of the URL was estimated based on data on
hydraulic conductivity and gas volume obtained from borehole investigations, since it was assumed
that deep subsurface gas would not be present as a gaseous phase and would be dissolved in
groundwater. Safety during construction of the URL would be assured by using ventilation systems
which could handle the estimated volume of gas blowout and using construction methods with
explosion-proof specifications.

o  The analysis of groundwater and porewater from boreholes HDB-1 and HDB-2 indicated that there is
saline groundwater at deeper part of 300 m or more in both areas.

These results suggest that both areas B1 and B2 meet the technical requirements for a URL area and would
be appropriate as candidate URL areas. However, the fact that there is less dissolved gas in the

groundwater in area B1 indicates that this area would be more suitable for safe construction of the URL.

Social conditions were reviewed for areas B1 and B2; this included looking at land use planning and
development of water supply and sewage systems, as well as roads capable of accommodating large
vehicles. As a result, most of area B1 consists of moderately sloping terrain, except for the national forest
in the east part of the Hokushin district. Major roads have been developed and sites for constructing the
URL or boreholes drilling could be easily found. The north side of the major roads of Toikan — Horonobe
line in area B2 is mountainous, with both national and private forests. Transport networks other than
prefectural roads have not been developed in this area; this would mean selecting a URL site on farm land
or private land or in forest along the prefectural roads and could hinder the progress of investigations.

Area B1 was ultimately selected as the candidate URL area, because it would be more advantageous in the

URL construction and investigations as there is greater development of the required infrastructure.
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3.4 Selection of the URL area from the candidate URL area

3.4.1 Requirements and preferences

The process of selecting a URL area started after area B1 had been selected as the candidate URL area. A
range of surface-based investigations will be conducted in the URL area. Technical criteria for the URL
area include occurrence of the sedimentary formations of interest at a depth of around 350 m with a
thickness of about 150 m, safe construction and maintenance of the URL and the presence of saline
groundwater. An additional criterion at this stage was that the URL construction should not have an
adverse effect on the hydrology at the site, because area B1 is close to the Toyotomi Hot Springs in the
north. Since the reliability of the regional groundwater flow analysis at this stage is not high, confidence in
the analysis will be enhanced by iteratively improving the relevant dataset and the hydrogeological model
during construction of the URL.

The Omagari Fault, a large-scale discontinuity in the centre of area B1, was not taken into account in the
selection of the URL site, because the effect of such a feature on a geological disposal system is one of the

topics for a later R&D programme.

3.4.2 Selection of the URL area

The results of a series of investigations indicated that the Neogene sedimentary formations (the Wakkanai
and Koetoi Formations) are located with an N-S strike and saline groundwater is present on both sides of
the Omagari Fault which runs through the centre of area B1. With regard to infrastructure, there is one
prefectural road that connects central Horonobe with Wakkanai City and several local roads crossing the
prefectural road in the northern part of the area. These conditions are considered favourable for securing
material transport routes and constructing an access road to the URL site and borehole investigation sites.
On the other hand, it would be difficult to secure land for investigations and for constructing the URL in
the southern part of the area, where there is no road infrastructure and national forests extend over large
areas (Figure 3.4.2-1)

Based on the above considerations, the northern part of area Bl (the Hokushin district) where
infrastructure is well developed was selected as the URL area (Figure 1.2.2-1; see also Appendix 2). The
Yuchi Formation is found in the south-western part of the URL area. This is not a target rock formation for
constructing the URL but the influence of this overlying formation on the Wakkanai and Koetoi
Formations will be investigated.

3.5 Selection of the URL site from the URL area

3.5.1 Requirements and preferences

When selecting the URL site from a URL area where technical requirements and preferences and social
conditions were met, as described in Section 3.4, additional social conditions and the opinion of local
government had to be taken into consideration and respected appropriately.

3.5.2 Borehole investigations

Borehole investigations were conducted in the URL area for the purpose of obtaining data for selecting the
URL site, designing the URL and development of geological environment models. The locations of
boreholes HDB-3 to HDB-5 were selected such that data would be obtained on the characteristics of the
geological environment on both the west and east sides of the Omagari Fault and the continuity of the
sedimentary formations along the strike would be determined, considering that the strike of the formations
at the URL site is NNW-SSE, which is parallel to the Omagari Fault (see Appendices 2 and 4).
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The results of the borehole investigations suggested that the Wakkanai and Koetoi Formations meet the
technical requirements and preferences. They also indicated that the depth of the boundary between the
Wakkanai Formation and the Koetoi Formation is shallower in boreholes HDB-4 and HDB-5 located on
the east side of the Omagari Fault than in boreholes HDB-1 and HDB-3 located on the west side. Sections
with many fractures and higher permeability were found in boreholes HDB-4 and HDB-5 on the east side
of the Omagari Fault compared to boreholes HDB-1 and HDB-3 on the west side.

3.5.3 Evaluation of the investigation results and selection of the URL site

The URL site was selected on the west side of the Omagari Fault, given that fewer fractures were
encountered and no features indicating higher permeability (e.g. loss of circulation during drilling) were
identified. The site near boreholes HDB-1 and HDB-3 was selected, taking advantage of the fact that the
data from borehole investigations obtained to date could be used in the design of the URL and the technical
reliability of the investigation results could be checked using information obtained in subsequent
investigations. Finally, the site shown in Figure 1.2.2-1 (see also Appendix 2) was selected within the URL
area, considering the social and environmental conditions; existing transport routes are available, the
topography is flat and regulatory procedures would be simple because of wilderness areas and privately
owned land.

3.6 Summary

This chapter described the process of selecting a URL site from the whole area of Horonobe Town,
including strategy, technical requirements and social and environmental conditions. This was a real case of
selecting areas and a site for performing characterisation of the deep geological environment and
represents the only case in the URL programme in Japan.

When pursuing a stepwise site selection process, defining the importance of technical requirements and
social and environmental conditions at an early stage will facilitate the planning of the programme. The
approach in which several areas (sites) are selected in each step and, finally, a comprehensive evaluation is
carried out taking social conditions into account to identify a site, ensures transparency and objectivity and
enhances public acceptance. In the case where a clear difference cannot be drawn based on technical
requirements and preferences, an assessment based on social and environmental conditions will become
important. The criteria for the selection of the URL site in the Horonobe URL project should be
distinguished clearly from those for the actual disposal programme, but there may be many aspects of the

social and environmental conditions that will be common to both.
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4. Characterisation of the geological environment from the surface

Important issues to be addressed during Phase I of the Horonobe URL project are enhancing understanding
of the deep geological environment and establishing the technical basis for systematic techniques for
characterising the geological environment throughout stepwise surface-based investigations. With this in
mind, investigations were conducted for two areas at different scales, viz. ‘the whole Horonobe Town area’
and ‘in and around the URL area’, which involved surveys of existing information, aerial reconnaissance
surveys, ground exploration and borehole investigations. The key properties of the geological environment
and processes involved, which would be of great relevance for geological disposal, were generally
understood. Systematic characterisation techniques from the surface were then developed through
integration and interpretation of the investigation results, associated modelling of the geological

environment and, importantly, enhancement of confidence in the results and models.

Sections 4.1-4.5 describe the results of the investigations of geology and geological structures,
hydrogeology, hydrochemistry, rock mechanics and long-term stability of the geological environment
respectively. Based on experience accumulated and the investigation results, Section 4.6 provides the basic
methodology for systematically characterising the geological environment and discusses assessments of
key issues relating to the safety of the geological disposal system. Section 4.7 focusses on a range of
techniques applied to characterise the geological environment. Finally, Section 4.8 gives a summary of the
achievements of stepwise characterisation of the geological environment from the surface.

4.1 Geological investigations

4.1.1 Aims

The investigations of geology and geological structures were carried out to acquire the information
necessary for hydrogeological, hydrochemical and rock mechanical characterisation and to establish
relevant investigation techniques. The areas covered included topography, geological heterogeneity,
thickness of the overburden (unconsolidated deposits) and features that are important such as solute
transport pathways.

4.1.2 Surface-based investigations covering the whole Horonobe Town area

(1) Investigation aims and methods

The main aims of the investigations during this stage were to clarify the topography, geological
heterogeneity, thickness of the overburden and features important for solute transport for the whole area of
Horonobe Town. The information obtained represents an important basis for understanding the area of
interest and will provide input for hydrogeological and hydrochemical modelling. The investigations
conducted in this stage include:

e  survey of existing information;
e  acrial and ground reconnaissance surveys;
e  Dborehole investigations.

Information on topography, stratigraphy and geological age, unconsolidated surface (terrace) sediments
and discontinuities such as faults was compiled from open literature, including the results of oil and natural
gas exploration in the Tenpoku region". Reconnaissance surveys>, airborne geophysical surveys”™* and

4),5)

MT electromagnetic surveys ~~ were conducted in order to acquire the information needed to clarify the

geological heterogeneity of rock formations and features potentially important as solute transport pathways.
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For the MT electromagnetic survey, all traverse lines were aligned at right angles to the strike of fault and
fold structures to provide a better understanding of these structures. During deep borehole investigations
(boreholes HDB-1 and HDB-2), specifically core logging and mineralogical investigations were carried
out with the aim of understanding the geological heterogeneity of the rocks.

(2) Investigation results and interpretation

1) Topography

The Soya Hill, located in the northern region of Hokkaido, is divided into west, central and east parts by
the Omagari and Horonobe Faults, the two major structural features that run north to south®”. The URL
area selected for this investigation phase is located near the boundary between the west and central parts
(Figure 4.1.2-1). The west part is dominated by the Teshio Plain consisting of the Sarobetsu Lowland and
the Ubushi Lowland, with hills at 80-190 m elevation, stretching in an N-S direction. The central part is
located between the Omagari Fault and the Horonobe Fault and has hilly terrain with altitudes of
100-300 m elevation®”. The E-W extent gradually narrows towards the south.
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Figure 4.1.2-1 Outline map in and around Horonobe Town

Modified from Niizato and Yasue®

2) Geological heterogeneity

Existing literature indicates that Horonobe Town is located at the eastern edge of the Tenpoku sedimentary
drainage basin, where the Palacogene Haboro and Magaribuchi Formations, the Soya Coal-bearing,
Onishibetsu and Masuporo Formations (Early-Middle Miocene), the Wakkanai and Koetoi Formations
(Late—Middle Miocene to Pliocene), the Yuchi and Sarabetsu Formations (Pliocene to Early Pleistocene),
terrace sediments later than the Middle Pleistocene and Holocene sediments are distributed on Cretaceous
bedrock'”. Of these formations, the Haboro and Magaribuchi Formations were not identified from the
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ground surface but were observed in deep borehole investigations'”. The Wakkanai, Koetoi, Yuchi and
Sarabetsu Formations consist of a series of sediments made up of abyssal — shallow marine —
semi-terrestrial to terrestrial deposits that unconformably overlie the Masuporo Formation'"'?"'¥). The
Wakkanai and Koetoi Formations consist of siliceous rocks, while the Yuchi and Sarabetsu Formations
consist of coarse-grained clastic material. The stratigraphy is based primarily on the classification of
lithofacies. It should be pointed out that the boundaries of the formations do not necessarily coincide with
the boundaries of geological eras'?; there are heteropic facies between the Koetoi Formation and the Yuchi
Formation and between the Yuchi Formation and Sarabetsu Formation'”'?. In the following paragraphs, a
general description for the formations distributed in and around the URL area is given; the Masuporo,
Yuchi and Sarabetsu Formations are discussed first, followed by the Wakkanai and Koetoi Formations, the

latter being the main formations to be characterised.

The Masuporo Formation consists of alternating layers of conglomerates, sandstones and mudstones, often

intercalated with slumping beds. The thickness of the formation varies between around 900 m and 1,000 m.

There are diverging opinions on the definition of the Wakkanai and Koetoi Formations. Focussing on
lithology, Nagao® and Mitani et al.'” classified the formation consisting primarily of so-called “hard
shale” (siliceous shale or siliceous mudstone — both are mudstones consisting of silica minerals with low
crystallinity, i.e. opal CT) as the Wakkanai Formation and the formation above this, consisting primarily of
diatomaceous mudstones (mudstones consisting of non-crystallised amorphous silica minerals, i.e. opal A),
as the Koetoi Formation. On the other hand, Fukusawa'® focussed on the sedimentary structure and
reclassified the formation consisting of siliceous or diatomaceous shale with clear bedding as the Wakkanai
Formation and the formation above this, consisting of siliceous mudstones or diatomaceous mudstones
with no clear bedding, as the Koetoi Formation. The latter also demonstrated by lithological examination
that the diatomaceous shale had been hardened to form siliceous shale in the Wakkanai Formation and the
diatomaceous mudstone to siliceous mudstone in the Koetoi Formation through progressive burial
diagenesis of siliceous minerals. Although there are differing views on the definition of the Wakkanai and
Koetoi Formations, the definition of Nagao® and Mitani et al.'” was adopted for the Horonobe URL
project, because only geological maps based on the definition of Nagao and Mitani et al. are widely
available. These studies were a basis for regional groundwater flow analysis (e.g. hydrogeological model
shown in Figure 4.2.2-2) that was needed at the initial stage of the investigation (see Subsection 4.2.2). In
short, the Wakkanai Formation consists primarily of siliceous mudstones with no clear bedding or siliceous
shale with clear bedding; the upper part of the formation is a transition zone to diatomaceous mudstones.
The thickness of the formation varies between around 600 m and 1,000 m and the lower boundary age is
estimated to be 13 Ma based on the radiometric age of volcaniclastic rocks'” formed at the base of the
siliceous shale. The Koetoi Formation consists primarily of diatomaceous mudstone that appears massive
on first inspection and gradually changes in an upward direction to sandy mudstone. The thickness of the
formation varies between around 400 m and 700 m.

The Yuchi Formation consists of soft fine-grained sandstone. The thickness of the formation varies
between around 400 m and 800 m. It should be noted that what JNC previously defined as the upper part of
the Koetoi Formation (see Subsection 3.2.2) is treated as part of Yuchi Formation here

The Sarabetsu Formation consists of alternating layers of conglomerate, sandstone and siltstone,
intercalated with a lignite seam. The maximum thickness of the formation is about 700 m and the age is

presumed from shell and pollen fossils to be about 1.3-0.7 Ma'?.
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The results of the reconnaissance surveys and the borehole investigations showed that the distribution of
each formation is generally consistent with the information in the literature"?. Data obtained from the
airborne geophysical surveys also support the information in the literature”®. For example, the apparent
resistivity structure obtained from airborne electromagnetic surveys generally corresponded well with the
distribution of the formations; resistivity was high where the Yuchi and Sarabetsu Formations, with
coarse-grained rocks such as sandstone and conglomerate, are found, while it is low in the area where the
Wakkanai and Koetoi Formations, with fine-grained rocks such as mudstones and shale, are distributed.
For the airborne electromagnetic surveys, the area with a high electromagnetic anomaly matched closely
with the distribution of the Sarabetsu Formation, which is assumed to contain a serpentinite gravel with
high magnetic susceptibility. Although influenced by topography, the y-ray intensity obtained from the
radioactivity survey also corresponded well with the distribution of the formations; it was high in the areas
where the Sarabetsu and Yuchi Formations occur and low in the area where the Wakkanai and Koetoi
Formations are found. Also, the results of the MT electromagnetic surveys were similar to those from the

. . 3)4
airborne electromagnetic surveys”-.

3) Thickness of the overburden (unconsolidated deposits)

Existing literature indicates that terrace sediments are widely distributed near the surface in the form of
unconsolidated deposits with a maximum thickness of several metres near the URL area, about 25 m in the
east part of Horonobe Town and a maximum of about 15 m in the Sarobetsu and Ubushi Lowlands in the
west part of Horonobe Town". They also indicate that the Pleistocene Keihoku Formation, with lithofacies
similar to the terrace sediments, is distributed with a maximum thickness of about 50 m in the west part of

Horonobe Town".

4) Features potentially important as solute transport pathways

In the central part of Horonobe Town, the features known as the Horonobe Fault (N1-N5 faults) and the
Omagari Fault, which are large enough to be shown on the geological map, run parallel in an NNW-SSE
direction. These faults may be important as solute transport pathways. Information on these features based
on the available literature is discussed below.

The Horonobe Fault consists of several individual faults (N1-N5 faults) with a strike of NNW-SSE and
right-echeloning with a step width of about 1 km. Although fault traces can be identified as a lineament in
the topography, no change in the topography in the Late Pleistocene is observed.

The Omagari Fault extends more than 25 km® in length and connects to the Tono Fault in the south'>'®.

The location of the fault at the surface is assumed to be primarily at the boundary between the Wakkanai
Y On the east side of the fault, a fold structure

with an axis in the direction N20—15°W is aligned en echelon''”. The fault was interpreted as being a

Formation in the east and the Koetoi Formation in the west

normal fault tilted to the west since the fault plane inclines westward at the ground surface and the east
side of the fault uplifts®*'®. However, on the basis of a later geophysical survey, the fault was interpreted as

IDAD1920 Gk also interprets this fault as a reverse fault.

being a reverse fault with uplift on the east side
Fukusawa'® reports that, from the distribution of the thickness of the Wakkanai Formation, there was a
30 km lateral movement to the left along the fault after the sedimentation of the Wakkanai Formation.
Regarding recent activity history, a report by the Research Group for Active Faults of Japan™ suggests
tilting movements in the area where the fault crosses the Teshio River, while Ikeda et al.* identify no

topography showing active faults or flexures in areas other than the above.
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Despite the reconnaissance surveys, airborne geophysical surveys and the MT electromagnetic surveys, no

new information was obtained on the location and formation of the Horonobe and Omagari Faults.

At this stage of the investigations, no particular examination of fractures was undertaken because these
were not considered important as solute transport pathways. However, existing literature indicates that
there are a number of fractures in the Wakkanai and Koetoi Formations in and around the URL area.
According to Mitani et al.'¥, these can be classified into three types depending on their nature: an E-W
system (shear fractures), an N-S system (tensile fractures) and an NE-SW/NW-SE system (combination of
shear and tensile). These systems are discussed in the context of the axes and limbs of the anticline, with
the E-W type being distributed in the anticlinal axis and limb, the N-S type in the anticlinal axis and the
NE-SW/NW-SE type in the anticlinal axis and limb. Other than the above anticlinal structures, fractures
parallel to the bedding plane with fault rock were also observed.

4.1.3 Surface-based investigations in and around the URL area

(1) Investigation aims and methods

The main aim of the investigations at this stage was to acquire more detailed information on the geological
heterogeneity of the rock formations, the thickness of the overburden (unconsolidated deposits) and
features that are important as solute transport pathways in the vicinity of the URL area, building on the
geological information acquired in the previous stage. Methods of surface-based investigations and
borehole investigations, conducted in this stage, are described below.

1) Surface-based investigations
The investigations carried out include:

reconnaissance surveys to clarify geological heterogeneity®?>";

topographical surveys to examine terrace facies and reconnaissance surveys to determine the
. 28
thickness of the overburden );

e topographical surveys (lineament investigations)
31).33)

. 31),32
reconnaissance Surveys ) ), AMT

9),31),35)

8),29),30)

. . 34 . . .

electromagnetic surveys , ground-penetrating radar surveys'?, reflection seismic surveys
. . . . . 36) . 37),38) .

re-analysis of data from previous reflection seismic surveys™~ and gravity surveys to clarify

structures potentially important as solute transport pathways.

Of these investigations, the reconnaissance surveys included outcrop sketches of the Omagari Fault®” and
a sketch of the fractures at the stripped horizontal outcrop32). The latter was based on the findings of the
hydrological analyses in this stage, indicating that fractures in the rocks have a significant influence on
groundwater flow’ % For the AMT electromagnetic and seismic reflection surveys, all traverse lines were
aligned at right angles to the strike of the Omagari Fault to obtain a clearer understanding of the structure.
In order to check the reliability of the measurements with the AMT electromagnetic and reflection seismic

surveys in the previous stage, a high density electrical survey®”

survey>® were conducted with the traverse lines aligned in the same way as in the original surveys. The

and a high density reflection seismic
applicability of these surveys is described in Subsection 4.7.2.

2) Borehole investigations
Deep borehole investigations (boreholes HDB-3 to HDB-11) were conducted to clarify the geological

25),41)

heterogeneity of the rock formations and shallow borehole investigations were used to determine the

thickness of the overburden (unconsolidated deposits). The deep borehole investigations, as well as gas
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243 in the shallow boreholes, were also aimed at clarifying features that could be important

investigations
as solute transport pathways. The gas investigations involved measurement of the concentrations of CHy4
and CO, immediately above the groundwater surface in the boreholes (maximum depth of 30 m). The
boreholes for the measurements were aligned so as to cross the strikes of the faults at right angles to better

determine the influence of the Omagari Fault.

(2) Investigation results and interpretation

1) Geological heterogeneity of rock formations

The investigation results for geological distribution in this stage are generally consistent with those from
the previous stage. By taking all the results up to this point, a geological map and geological profile were
obtained as shown in Figures 4.1.3-1 and 4.1.3-2 respectively.

Various findings were obtained on lithology and physical properties and geological age of each formation
by accumulating substantial amounts of data from the investigations conducted up to this stage. The

detailed findings are discussed in the following.

Based on microscopic and electron microscope examinations, elemental mapping and powder X-ray
diffraction analysis, typical minerals constituting the Wakkanai and Koetoi Formations were identified to
be silica minerals (opal CT/opal A), small amounts of quartz, feldspar, clay minerals (kaolinite, smectite,
illite and chlorite), pyrite and carbonate minerals (siderite, magnesite). The Wakkanai Formation consists
primarily of opal CT, while the Koetoi Formation does not contain opal CcT*. Pyrite and carbonate
minerals were found only in the formations deeper than about 10 m and deeper than several tens of metres
respectively. In the shallow subsurface, they were almost completely dissolved due to oxidation and
dissolution®”. The depth profile of silica mineral content is considered to be constant in both formations*?,

since there were no substantial changes in SiO, or Al,Oj; in the whole rock chemical composition.

With regard to the chemical composition of the rocks, eluviation of elements such as Na was observed in
rocks in the shallow subsurface that were in contact with meteoric water permeating through the shallow

formations from the ground surface*”.

The following findings have been made concerning the physical properties of the various formations®>??.

e Masuporo Formation: specific density of the rock with natural moisture content approximately
18 kN m”, porosity approximately 45% and the rigidity (Ld value) approximately 250-400.

e  Wakkanai Formation: specific density of the rock with natural moisture content approximately
17 kN m™, porosity approximately 40% and rigidity (Ld value) above 400.

e  Koetoi Formation: specific density of the rock with natural moisture content approximately 15 kN m”,
porosity approximately 58% and rigidity (Ld value) approximately 300—400.

e  Yuchi Formation: specific density of the rock with natural moisture content approximately 18 kN m”>,
porosity approximately 45% and rigidity (Ld value) approximately 250-350.

o  Sarabetsu Formation: rigidity (Ld value) approximately 200—450.

The porosity was measured according to Japanese Industrial Standards (JIS) A1109 (specific density and
water absorption test method for fine aggregate) and the rigidity was measured using the Equotip portable
hardness tester manufactured by Proceq SA of Switzerland.
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Regarding the ages of the formations, intercalation of tuff was observed near the boundary between the
Wakkanai Formation and the Koetoi Formation in borehole HDB-2 close to the anticlinal axis and in
borehole HDB-10 far from the anticlinal axis. The fission track (FT) dating of the tuff layer was
3.9+ 0.3 Ma in borehole HDB-2 and 2.9 + 0.1 Ma in borehole HDB-10"". This means that the age at the
boundary of the two formations near the URL area may differ depending on the location relative to the
anticlinal axis (the formation interface does not form a synchronous surface). The age was estimated to be
in the range of approximately 2.9-3.9 Ma. To determine the age of the boundary between the Koetoi and
Yuchi Formations, diatom analysis and FT dating measurements of the tuff layer were carried out in the
upper Koetoi Formation at a location about 5 km west of the URL area. The results verified the existence
of the Neodenticula Koizumii Zone (2.6/2.7-2.0 Ma), the production of N. Seminae indicating an age later
than approximately 2.4 Ma and a FT age of 2.3 + 0.1 Ma®”. The age of each formation in the URL area
estimated taking all the above findings into consideration is summarised in Figure 4.1.3-3.

Age [Ma]
§ ol b Sb Alternation of conglomerate,
glo Yc sandstone and mudstone,
- intercalated with coal seams
of | Kt \ Fine- to medium-grained sandstone
§ \ Diatomaceous mudstone
i -
L 1rb
©
=
8 -
I Ne]
& % i WK Siliceous mudstone
Ak (and siliceous shale)
@ L
Z |
-10
ail F
[ =
3|
= Sh: Sarabetsu Formation
o Ye: Yuchi Formation
= ; Kt Koetoi Formation
° Alternation of conglomerate, : :
S|T M </ sandstone and mgdstone, Wk: Wakkanai Formation
15 p intercalated with slumping beds Mp: Masuporo Formation

Figure 4.1.3-3 Schematic columnar section in and around the URL area

2) Thickness of the overburden (unconsolidated deposits)

The topographical surveys (terrace surface interpretation) and reconnaissance surveys in the URL area
indicated that the terrace surfaces were distributed along small valleys and dissected terrace surfaces at a
location higher than the terrace surfaces (at about 70-80 m elevation)*” as shown in Figure 4.1.3-4. The
terrace sediments were considered to be low-lying sediments that formed a buried valley owing to
periglacial processes such as solifluction (soil creep) in the last glacial period, based on the fact that the
terrace surface consisted primarily of breccia gravel mudstone, the "*C dating of plant remains in the peat
layer above the terrace indicated about 14,000 BP and the initial motion analysis of refracted waves in the
reflection seismic surveys®> indicates a deep buried valley structure in the middle of the terrace surface™.
The low-lying terrace sediments were found to be about 20 m thick at the thickest part, i.e. the middle of
the terrace, based on results from the shallow borehole and deep borehole investigationszg). The dissected
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terrace surface consists of horizontal alternating layers of mud, silt and sand, which contain diatoms that
lived in river and/or bay/shore areas. The terrace was thus considered to be a high-lying terrace formed
near shores strongly influenced by rivers™. The thickness of the high-lying terrace sediments is estimated
to be several metres from the results of the reconnaissance surveys. Based on the above findings, it was
considered that terrace sediments cover the base rock with a thickness of over 20 m in and around the area
around the URL.

Higher terrace deosi'tg coosed of Lower terrace posits
mudstone, siltstone and sandstone composed of rubble
Figure 4.1.3-4 Terrace deposits in the URL area

3) Features important as solute transport pathways
Here findings on the Omagari Fault are discussed, followed by those on minor faults (outcrop and
sample-sized faults) and finally on joints.

Reconnaissance surveys were conducted in the Hokushin district where the URL area is located to clarify
the location and the nature of the Omagari Fault. Most of the Hokushin district is covered by terrace
sediments and it was difficult to identify outcrops of the bedrock. The Omagari Fault was observed in
outcrop 5 km south of the URL area. At this location, a fault plane about 10-20 cm wide containing fault
breccia was observed, forming the boundary between the Wakkanai Formation and the Koetoi Formation,
as well as a cluster of minor faults containing fault breccia about 1-10 cm wide or fault gouges 0.5-3.0 cm
wide, which were dominant in the range of about 120 m from the above fault plane. This indicates that the
Omagari Fault consists of a 10-20 cm wide fault nucleus and a damaged zone about 120 m wide®" (Figure
4.1.3-5). From the topographical surveys (lineament surveys) performed near the fault outcrop, small
lineaments were traced on the extension of the strike direction of the fault (NNW-SSE direction) that
would indicate the existence of the fault®. Some information on the location of the fault had already been
obtained from the geophysical surveys. From a re-examination of existing reflection seismic data, the

_53_



JAEA-Research 2010-068

reflector that would correspond to the limbs of the anticline on the west and east side of the Omagari Fault
in the deep underground of the outcrop could be observed®®. In addition, a structure concordant with the
strike direction of the fault that could be related to the fault was observed by the ground-penetrating radar
surveys near the fault outcrop™?.

Reflection seismic surveys were conducted near the URL area, but most of the reflected events in the
profiles were not clear enough to predict the location and geometry of the Omagari Fault (Figure 4.7.5-7).
However, from the results of the AMT electromagnetic surveys, the 3D distribution of the Omagari Fault
with high confidence was predicted as shown in Figure 4.1.3-6°". This prediction involved interpreting the
results of the above fault outcrop surveys, the borehole investigations up to borehole HDB-8 (core logging,
borehole wall observation, resistivity logging and chemical analysis of waters) and the reflection seismic
surveys. The findings used in the interpretation include:

® According to the observations at the fault outcrop, the Omagari Fault may form a fault zone
approximately 120 m wide that consists primarily of a damaged zone. This sort of structure would
tend to be a permeable zone.

o  While the location of the fault could not be predicted by the reflection seismic surveys conducted in
the previous stage, the depth information on formation boundaries from boreholes HDB-6 and HDB-8
drilled in this investigation stage allowed the location to be predicted.

o  The match between the position of the Omagari Fault predicted from the seismic reflection surveys
and that of the high resistivity zone from the AMT electromagnetic surveys was good; the shape of the
high resistivity zone presents a flower structure.

e  The relationship between the resistivity of the formation and the salinity of the formation water would
suggest that the high resistivity zone could be an area where meteoric fresh water infiltrates into the
deep subsurface.

o  There is a section dominated by minor faults in the rocks deeper than 380 m in borehole HDB-4. This
section corresponds to the high resistivity zone.

o Based on the results presented above, the high resistivity zone is considered to correspond to the zone
where meteoric fresh water infiltrates preferentially along the Omagari Fault. Based on the continuity
of the high resistivity zone, the fault distribution is suggested to be as shown in Figure 4.1.3-6.

e Based on the striation direction in the fault plane of the Omagari Fault, the analysis of minor faults
and information from the existing literature, the displacement sense of the Omagari Fault consists of
both a vertical component and a left-lateral component of uplift on the east side. The fault distribution
shown in Figure 4.1.3-6 can be interpreted as part of the flower structure formed by faults with such a

displacement sense.

The distribution of the Omagari Fault as predicted above was consistent with the position where changes in

the gravity anomaly that may be an influence of the fault were observed in the gravity survey™.

The results for gas measurements in the shallow boreholes indicated that the concentration of CO, was less
than a few hundred ppm in the area away from the predicted location of the fault, while it was more than a
few thousand ppm near the predicted location®®. The reason for this is considered to be that CH, produced
deep subsurface moves up to the surface along the Omagari Fault and is oxidised to produce a high
concentration of CO; in the oxidising environment in the proximity of the ground surface. This suggests
that the Omagari Fault may be important as a solute transport pathway and needs to be examined in detail

using the results of isotope measurements.
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Fault plane of the Omagari Fault
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In the boreholes HDB-4 and HDB-5, there were numerous fractures and circulation loss sections during
drilling, suggesting that these fractures may be important as solute transport pathways. More detailed
investigations will therefore be required in the latter half of this stage.

Examining the results of the deep borehole investigations (core logging, borehole wall image analysis),
most of the fractures observed in the boreholes were judged to be shear fractures, based on the intercalation
of fault rocks and the presence of striations and slickensides on the surface of the fractures. The fractures
can be divided into either minor faults at a high angle to the bedding plane or those parallel to the bedding
plane. In addition, since the former minor faults tend to gather densely, the clustered zone was defined as a
fracture or fault zone™. The sections where drilling fluid was lost during drilling and also where the
hydraulic conductivity was high during in situ hydraulic tests corresponded to a fault zone.

The hydrological analysis taking the above fracture zone into account indicates that the fracture zone has a

large influence on groundwater flow®”. Further examination of the distribution and nature of fractures in

the rocks was thus conducted, including drawing sketches of fractures at artificially generated stripped
horizontal outcrop surfaces. The results of the investigations were as follows™:

e The minor faults can be divided into those that are strike-slip with a high angle to the bedding plane
and those parallel to the bedding plane with a dip-slip, based on the relationship between the fault
direction and the bedding plane and fold axes and the displacement sense (Figure 4.1.3-7).

o  The formation age of the minor faults at a high angle to the bedding plane was estimated to be mostly
younger than the age of the folding and very different from the age when the Omagari Fault was
formed and the youngest among faults observed in the rocks, based on the intersection relationships of
the faults, the stress field at the fault movement (estimated by the analysis of minor faults), the
relationship between the minor faults parallel to the bedding plane and fold activity and existing
information on the Omagari Fault.

o  The minor faults at a high angle to the bedding plane were possibly formed by the compressive stress
originating from the residual stress that had accumulated at the time when the fold was formed and
are assumed to be distributed widely along the fold structure, based on the relationship between the
stress field at the time of faulting estimated by the minor fault analysis and the direction of the fold
axis, formation processes of faults and existing literature information. The minor faults that are
parallel to the bedding plane are considered to have been formed by bedding slips associated with
flexural-slip folding and are assumed to be distributed widely along the fold structures, in particular in
the limb area, based on the relationship between the fault direction and bedding plane and that of the
displacement sense and the direction of the fold axis.

e  Minor faults at a high angle to the bedding plane tend to be gathered densely and connect with each
other en echelon (Figure 4.1.3-8), forming a fault zone with a length of the order of 10-100 m.

e Based on the development of the oxidised zone along the fault near the surface, the occurrence of
intercalated fault rocks, distribution density and formation processes and the relationship between the
fault direction and stress field, it can be concluded that the minor faults at a high angle to the bedding
plane (or fault zones) are likely to be major groundwater pathways, while minor faults parallel to the

bedding plane are not.

The trends in the direction and distribution density of lineaments that were interpreted or recognised by the
topographical (lineament) investigations in and around the URL area were consistent with those of the
minor faults at a high angle to the bedding plane. However, minor faults (in fault zones) or joints that can

be actually traced at the surface as lineaments were not identified®”.
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Mitani et al."” pointed out that joints are observed in the anticlinal axis. It was found in analyses of the
gravity surveys conducted in this stage that the gravity anomaly identified during the surveys could be well
explained by assuming a decrease in the density of the formation at the anticlinal top on the west side of
the estimated position of the Omagari Fault’”. This might be due to the development of fractures at the
anticlinal top. If this assumption were correct, the decrease in the density of the formation at the anticlinal

top would be consistent with the trend of distribution of the joints, as was indicated by Mitani et al.'

4.1.4 Geological modelling

The conceptual model of the geological structure in and around the URL area is shown in Figure 4.1.4-1.
Distributed in the area are the Wakkanai Formation consisting of siliceous mudstones (or siliceous shale),
the Koetoi Formation consisting of diatomaceous mudstones and the Yuchi Formation consisting of
sandstones. Discontinuities present in the rocks include the large-scale Omagari Fault and minor faults at a
high angle to the bedding plane where dip-slip prevails and almost parallel to the bedding plane where
strike-slip prevails, associated with the fold structure (minor faults that are almost parallel to the bedding
plane tend to develop in the limb rather than axis of the fold). Minor faults at a high angle to the bedding
plane tend to form fault zones by distributing densely together en echelon; these features, in particular the
fault zones, are likely to function as preferential pathways for groundwater. On the other hand, minor faults
parallel to the bedding plane are not likely to function as groundwater flow paths. The development of
joints has not been fully examined and joints are therefore not shown in Figure 4.1.4-1.

Of the above structures, the Omagari Fault and the fault zones can be identified as the structures deserving
attention in terms of their effect on groundwater flow and solute transport because they are highly likely to
function as preferential water flow paths. They must be represented appropriately in the geological and
hydrogeological models. The distribution of the Omagari Fault zone can be predicted deterministically by
reconnaissance surveys and geophysical surveys. However, predicting the distribution of the fault zones
would be impossible in practice using a deterministic approach and has to be based on stochastic methods,
since there are no fault zones whose continuity has been confirmed in the area between the boreholes and
at lineaments. This means that fault zones cannot be expressed in the geological structure model that was
constructed deterministically (Figure 4.1.4-2), but may be taken into account in a model that combines

deterministic and stochastic approaches.

Minor fault a at high angle to bedding planes
(forming minor fault developing zone)

Omagari Fault zone

1 [ uchi Formation
[] Koetoi Formation
|:| Wakkanai Formation

! )

Minor fault parallel to bedding planes Minor fault developing zone

Figure 4.1.4-1 Conceptual model of faults in and around the URL area
Modified from Ishii and Fukushima®?
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Figure 4.1.4-2 3D model of geological structure in and around the URL area
Modelled area corresponding to the detailed geological map shown in Figure 4.1.3-1

The discussion below presents some simplifications, primarily from a geological point of view, in

generating fault zones realisations using a stochastic method.

Fault zones can be represented as a flat (disk) object with a certain direction, length (radius), width
and transmissivity (Baecher et al.* have developed a well known model using a disk medium). This
means that modelling the whole cluster of fractures, rather than modelling each individual fracture
within a fault zone, would be more efficient, given the scale of the section length (1-10 m) of the
actual hydraulic test in a borehole and given the need to consider the matrix of fault zones as water
flow paths. The fault zones can be considered as geological structures consisting of fractures and the
matrix between the fractures.

The orientation of the fault zones (strike and dip angle) can be represented as the average of the
directions of all the fractures in each zone. Since actual fractures are concentrated in an en echelon
alignment, the direction of the densely fractured zone will be slightly diagonal across the average
direction of the fractures. For simplification of the modelling, the direction of the fault zone will be
represented with the average direction of the fractures in the model.

The strike of fault zones at a high angle to the bedding plane crosses obliquely (to parallel) to the
perpendicular direction of the fold axis (average 40°)32).

The dip angle of each fault zone is in the range of 45-90° (vertical predominant). Minor faults at a
high angle to the bedding plane form a sub-vertical angle at surface outcrop and are strike-slip
predominant® 2, Many of such faults are considered to be less influenced by tilting movements as they
were likely to be formed after the folding. However, vertical minor faults at a high angle to the
bedding plane may not be represented well in the data on dip angles obtained in boreholes as the

boreholes are drilled vertically. Therefore this data is not taken into account at this stage.
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o  The length (radius) of a fault zone is assumed to be 10 times the width actually measured in boreholes
and surface outcrops32).

e Fault zones are assumed to be uniformly distributed in the rock. The 3D density distribution is
obtained by inversion modelling from the 1D distribution density obtained from boreholes using a

virtual water injection test method proposed by Shimo et al.””

For the distribution of fault zones that are difficult to represent deterministically, a more realistic prediction
would be possible by generating such zones stochastically considering the above limitations. The
limitations on stochastic modelling of such zones should be determined based on the obtained data and
their geological interpretation. Information on origin, structural characteristics and formation processes of
minor fault developing zones could be used for this purpose. A number of fault zone models using the
stochastic method have been developed®” One example is the application of an equivalent
heterogeneous continuum model’”, where information on the spatial distribution of fractures is reflected in

the spatial distribution of hydraulic characteristics in the continuum model.
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4.2 Hydrogeological investigations

4.2.1 Aims

The aims of the hydrogeological investigations and modelling during the surface-based investigation phase
are to clarify groundwater flow characteristics in and around the URL area, to predict the evolution of the
hydrogeological environment associated with the construction of the underground facilities and to propose
efficient and systematic methods for facilitating investigations during Phase II and/or Phase III such as
development of methodologies for understanding the groundwater flow field. According to Darcy’s law,
the absolute value for groundwater flow velocity (Darcy flux) can be expressed as the product of hydraulic
conductivity and gradient. It is thus necessary to acquire data on hydraulic conductivity and gradient and
their distributions for the Wakkanai and Koetoi Formations. To understand groundwater flow, the hydraulic
conductivities of these formations, recharge rate and hydraulic head distribution were also investigated.

An effective way of clarifying the groundwater flow system in and around the URL area and predicting the
evolution of the system associated with the construction of the underground facilities would be to integrate
and interpret investigation results, developing a hydrogeological model for analysing groundwater flow>.
The development of models and groundwater flow analyses reduces uncertainties as field investigations
progress and also makes it possible to propose targeted investigations for subsequent phases.

4.2.2 Surface-based investigations covering the whole Horonobe Town area

(1) Investigation aims and methods

Based on the principle of conservation of physical quantities, groundwater flow can be described primarily
by a constitutive law such as Darcy’s law, physical properties such as hydraulic conductivity and boundary
conditions. When analysing groundwater flow in an area of interest, it is not always possible to establish
appropriate boundary conditions for the area. This means that a wider analysis domain may need to be
selected and physical properties estimated for this area.

Firstly, information on groundwater flow has to be compiled from the literature. This survey of existing
information, which includes compilation of available borehole data and literature information on
groundwater use, need to precede shallow subsurface hydrological investigations and borehole
investigations. In particular, existing information from boreholes will be used not only as a guideline for
how to perform subsequent investigations, but could also be relevant because borehole drilling and
pumping of water could disturb the natural groundwater flow system. Information on the rock formations
outside the area to be characterised is based essentially on surveys of existing information. In addition,
information from oil and natural gas exploration carried out by MITI would be particularly useful for the
hydrogeological investigations since it is related to groundwater flow. Such exploration was conducted
both onshore and offshore throughout the country, with Niigata and Akita Prefectures at the centre.
Boreholes up to 5,000 m depth were drilled to acquire information on deep geological structures and
reservoirs. In the URL area, the MITI Tenpoku borehole (5,050 m depth) was drilled at a location about
3 km north of the URL site'".

In the Horonobe area, other borehole investigations have been conducted for the development of
underground resources. The Kitakawaguchi SK-1 borehole (4,505 m depth) in Teshio Town, for example,
was drilled to a sufficient depth to provide valuable information on deep geological formations that were
relatively unknown. In borehole D-1, hydraulic tests were carried out in the Sarabetsu Formation on the
rock layers of interest’?>). In boreholes HDB-1 and HDB-2 drilled at the time of selecting the URL area,
hydraulic tests were carried out for both fractured zones and matrix parts (i.e. background fractured rocks)
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in order to determine the average hydraulic conductivities of the Wakkanai and Koetoi Formations®~".

Groundwater is used for water supply and for hot springs. At the Toyotomi Hot Spring located 3 km
northwest of the URL area, around 180 I min™' of water have been pumped out from a depth of around
900-1,300 m.

In general, pumping out groundwater could affect natural groundwater flow because of a change in the
water pressure (hydraulic head) at depth. It is also important for hydrological investigations because of the
change in the hydrological balance. In cases where boreholes are not backfilled, they could also act as a
water conducting feature. Even for boreholes with casing, the casing may corrode, leading to the formation
of a water conduit. These issues need to be investigated as the important factors to affect groundwater flow.

(2) Integration of existing information

Of the existing boreholes, those located close to the URL area that provide relevant information on
hydrogeological structures include those at the Toyotomi Hot Spring in Toyotomi Town (north of
Horonobe Town), the Tenpoku borehole drilled to the north of the URL area and boreholes HDB-1 and
HDB-2 drilled at the time of selecting the URL area. The origin of the hot water at the Toyotomi Hot
Spring is assumed to be a fracture-type reservoir . The formation producing the hot spring is assumed to
be the Makubetsu Formation, the upper part of the Masuporo Formation'”. Given the occasional
occurrence of lost circulation in the Wakkanai Formation and the upper Masuporo Formation during the
drilling of the Tenpoku borehole, fractured zones may exist in these formations. According to hydraulic
tests carried out in boreholes HDB-1 and HDB-2, the hydraulic conductivity of the Wakkanai and Koetoi

. . 11 149 -1
Formations is as low as 107 -10" ms™.

Re-analysis of the hydraulic tests conducted in borehole D-1'"%

resulted in a hydraulic conductivity in
the order of 10" ms™ for the Yuchi Formation and 10°®ms” for the Sarabetsu Formation and the
Quaternary sediments’”. A large aquifer is present in the Sarabetsu Formation and provides a supply of

clean water to Horonobe Town.

The observed water pressure head was higher than the hydrostatic pressure by about 150 m in borehole
HDB-2. The possibility of abnormally high pressure in the Masuporo Formation was also indicated by the
results of a density log from the Kitakawaguchi SK-1 borehole, about 800 m east of the anticline axis of
the Kitakawaguchi Anticline?”*”. On the other hand, no abnormally high pressure was observed, although
the water pressure was pressurised at about +10 m, in borehole HDB-1 located in the URL area.
Abnormally high pressure is unlikely in the Wakkanai and Koetoi Formations near borehole HDB-1, but
whether such high pressure exists in the URL area has not been confirmed yet.

The presence of gas in the groundwater in the area has been confirmed, as has the presence of high salinity

groundwater®".

Based on existing borehole investigations, the presence of fractured zones cannot be ruled out, but it can be
concluded that the hydraulic conductivity and its variation are low in the Wakkanai and Koetoi Formations.

(3) Modelling of hydrogeological structures and groundwater flow analyses

1) Analytical conditions

The aim of the investigation stage covering the whole Horonobe Town area was to acquire data for
describing the general characteristics of groundwater flow (distribution of hydraulic conductivities and
hydraulic gradients in the sedimentary formations) in and around the URL area and to propose efficient and
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systematic investigation methodologies for subsequent stages. Specifically, the geological and
hydrogeological structures are predicted based on existing information and sensitivity analyses are carried
out by changing the hydraulic conductivity within a possible range for each formation. Formations that
may affect the distribution of hydraulic head and flow velocities of the groundwater around the URL are

also predicted.

Sensitivity analyses of groundwater flow were carried out for an area of 50 km x 50 km square, including
the whole area of Horonobe Town, to estimate the groundwater flow system in the URL area. The
analytical region was defined widely enough to avoid affecting the analytical results for groundwater flow
directions in the URL area. Taking this into consideration, the eastern boundary was defined as the Teshio
Highlands, which are located at the east end of the Teshio River drainage basin, and the western boundary
was defined at about 10 km off the coastline. As there was no clear drainage basin boundary to the north
and south, the boundaries were defined at locations far from the URL area. The depth for modelling was
defined as 5,000 m below the ground surface. Because hydraulic conductivity generally decreases with
depth and no large-scale aquifer had been observed in the Tenpoku borehole, the impermeable boundary
was conservatively assumed to be at a depth of 5,000 m below the ground surface. The analytical area is
shown in Figure 4.2.2-1 and the analytical mesh and boundary conditions are shown in Figure 4.2.2-2.

As described in paragraph (2), the existence of fractured zones cannot be ruled out based on existing
borehole investigations, but it can be concluded that the hydraulic conductivity and its variability in the
Wakkanai and Koetoi Formations is low, even if fractures are present, their distribution and hydraulic
conductivity are unknown. Therefore, at this stage of the investigation, a numerical finite element analyses
applying a continuum model was conducted assuming the rock formations to be porous media. The
formations subjected to the analyses were, according to hydrogeological classification, the Cretaceous
basement, the Masuporo Formation, the Wakkanai Formation, the Koetoi Formation, the Yuchi Formation,
the Sarabetsu Formation, the Quaternary sediments, the Omagari Fault, the Horonobe Fault (N1 fault) and

shallow subsurface/terrace sediments.

0 10 20 30 40 km

_ Analytical region for existing information
survey (including off-shore area)

_ Analytical region for existing information

survey (excluding off-shore area)

Analytical region for borehole investigations
URL site

Figure 4.2.2-1 Regions for groundwater flow analysis
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Figure 4.2.2-2 Finite element mesh and boundary conditions

In the investigation stage covering the whole area of Horonobe Town, both the quality and the number of
hydraulic tests were limited and sensitivity analyses were therefore carried out using hydraulic
conductivities obtained from literatures or by estimation as the reference case and considering the range of

variability of hydraulic conductivity. A sensitivity analysis was also conducted for recharge rate®>"*.

For the reference case, a set of hydraulic conductivities for each formation is shown in Table 4.2.2-1. The
hydraulic conductivities in the Wakkanai and Koetoi Formations were derived from the results of hydraulic
tests in boreholes HDB-1 and HDB-2, while those for the Yuchi and Sarabetsu Formations and Quaternary
sediments were derived from a re-examination™ of the results of hydraulic tests in borehole D-1. The
hydraulic conductivity of the shallow subsurface/terrace sediments was assumed to be slightly higher than
that of the lower formations and slightly larger than that of the upper formation, i.e. the Wakkanai
Formation, since the Masuporo Formation consists of gravels and sandstones. For the Omagari Fault, a
sandwich structure was assumed, i.e. impermeable in a direction at right angles to the fault plane and
highly permeable in the parallel direction, and estimated hydraulic conductivities were used. Cases for the
sensitivity analyses are listed in Table 4.2.2-2.

The upper surface boundary was defined as the seepage face in which the water level was fixed when the
groundwater level reached the ground surface level at a given rainfall intensity. Rainfall intensity can be
obtained by subtracting the amount of evapotranspiration from the amount of precipitation. Imai et al.®
define the hydrological recharge rate (precipitation minus evapotranspiration and river runoff) as the
rainfall intensity. The recharge rate was estimated based on the average river runoff measured at the
Maruyama and Ponpira observatories in the Teshio River drainage basin (1,480 mmy"), the indicative
value of 400 mmy" for evapotranspiration in Hokkaido determined by the Research Institute of the
Ministry of Construction (now Ministry of Land, Infrastructure, Transport and Tourism) and an assumed

runoff rate (runoff/rainfall volume) of about 0.7-0.9 based on data for Japanese rivers®”. As a result, the
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recharge rate was calculated as 0-234 mm y™. In the reference case, it was set conservatively high at
1 mmd" *. The lower boundary was set at -5,000 m elevation as an impermeable boundary. With regard
to the lateral boundaries, those on the marine side were defined as fixed water level at the water surface
and impermeable at other locations; the lateral boundaries for the other sides were defined as impermeable
because they are set along ridges and valleys.

Table 4.2.2-1 Hydraulic conductivity settings for the reference case

Geological structure Hydraull[(r:ncgv]ductlwty Basis for setting
Cretaceous 1.0x10™" Lower than overlying formations, assumed
. -10 Relatively high hydraulic conductivity because
Masuporo Formation 5.0x10 of sandstone and conglomerate, assumed
, . 10 Based on HDB-1/2 hydraulic test results®®*”,
Wakkanai Formation 1.0x10 lower than Koetoi Formation
Koetoi Formation 1.0x10° Based on HDB-1/2 hydraulic test results®®"")
Yuchi Formation 1.0x107 D-1 hydraulic test results®®
Sarabetsu Formation, Quaternary 1.0x10°® D-1 hydraulic test results®®
Damaged zone of Omagari Fault 1.0x108 Assumption
Core of Omagari Fault 1.0x107™"° Assumption
Damaged zone of N1 fault 1.0x10® Assumption
Core of N1 fault 1.0x10™"° Assumption
Surface, sediments 2.0x10° Higher than underlying formations, assumed
Table 4.2.2-2 Hydraulic conductivity settings for sensitivity analyses
Cases Parameters Values for reference Values for varying
case (AH13) cases
M1 3.15x10° [m s
Hydraulic conductivity of Masuporo Formation 5.0x10"° [m s =T [ _1]
M2 7.92x107 [ms]
W1 0 1.0x10° [m s™]
Hydraulic conductivity of Wakkanai Formation 1.0x10"" [m s™] =T a
W2 1.0x10" [ms']
K1 , . , , o 1.0x10% [m s™]
Hydraulic conductivity of Koetoi Formation 1.0x107 [m s ] 0 3
K2 1.0x10" " [ms]
Y1 ;o 3.16x10° [ms™]
Hydraulic conductivity of Yuchi Formation 1.0x10" [m s™] 3 3
Y2 3.16x107 [m s™]
Q1 , . 6 4 3.16x10° [ms™]
Hydraulic conductivity of Quaternary 1.0x10° [m s ] = 3
Q2 3.16x10" [m s™]
S1 6 6.32x10° [m s™]
Hydraulic conductivity of surface layer 2.0x107 [ms™] = I
S2 6.32x10" [m s™]
FOC1 _ » _ o 1.0x10° [m s™]
Hydraulic conductivity of core of Omagari Fault 1.0x10" [ms™] 2 3
FOC2 1.0x10" " [ms]
FOS1 Hydraulic conductivity of damaged zone of 1.0x10° [m 571 1.0x10° [m s™]
FOS2 Omagari Fault ) 1.0x10™ [m's™]
AR1 o _ y 1.5 [mmd™"]
Precipitation intensity 1.0 [mmd] 3
AR2 0.5[mmd ]
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2) Analytical results

The distribution of the hydraulic head obtained from the reference case analysis and the streamlines from
the URL area for all cases of the sensitivity analyses are shown in Figure 4.2.2-3. Generally, the main flow
direction of the groundwater would be from east to west since the hydraulic head on the east side is higher
than that on the west side. The distribution of hydraulic head is relatively complicated owing to the
influence of the undulating topography in and around the URL area and the groundwater flow direction
varies depending on depth and location. Based on the streamlines, it was confirmed that shallow
groundwater flow is governed by local flow systems such as the Shimizu River basin and the
Penkeebekorobetsu River basin, while deep groundwater flow is governed by the Teshio River basin,

which constitutes a regional flow system.

The sensitivity analysis was conducted using the hydraulic head at -400 m elevation at the URL site, the
hydraulic gradient, the groundwater travel time from -400 m elevation to the surface and the travel distance
of the groundwater as parameters®”. Figure 4.2.2-4 shows the sensitivity gradient ratio for the hydraulic
head and the groundwater travel time. Here, the sensitivity gradient means the change in the characteristic
values (e.g. hydraulic head) at the focal point when a parameter is changed by one unit (one order of
magnitude for the hydraulic conductivity or 1 mm d' for the recharge rate) and the sensitivity gradient
ratio is defined as the value of the sensitivity gradient divided by the characteristic value for the reference
case, which is expressed as a percentage. The sensitivity of the hydraulic conductivity to the hydraulic
head in relatively shallow formations such as the shallow subsurface/terrace deposits and the Yuchi
Formation was found to be large. This can be explained by the fact that the distribution of the hydraulic
head is primarily governed by fluctuations in the groundwater level and propagation of the effect of
fluctuations in groundwater level to deeper geological formations will be affected by the permeability in
the shallower zones. With regard to the groundwater travel time, it is clear that the sensitivity of the
hydraulic conductivities of the Wakkanai and Koetoi Formations is large, because most of the streamlines
pass through these formations. The sensitivity of hydraulic conductivity of the Omagari Fault is low, but
this does not mean that investigations of the fault are not important, since the range of variability of
hydraulic conductivity can be expected to be large for large-scale geological structures.

Head [m]

URL site

Figure 4.2.2-3 Distribution of hydraulic head for the reference case and simulated
streamlines from the URL site

_66_



JAEA-Research 2010-068

Precipitation

Surface layer
Quaternary, Sarabetsu F
Yuchi F

Koetoi F

Wakkanai F

Masuporo F

Core of Omagari Fault

Sensitivity to hydraulic head | Sensitivity to groundwater travel time |
Damaged zone of Omagari Fault at -400m elevation at URL site - at -400m elevation at URL site
0 1 2 3 4 5 60 50 100 150 200 250 300
Sensitivity [%)] Sensitivity [%]

Figure 4.2.2-4 Sensitivity of precipitation and hydraulic conductivity for each geological structure
to hydraulic head (left) and groundwater travel time (right) at -400 m elevation at
the URL site

The conceptual groundwater flow systems in and around the URL area developed based on the results of
groundwater flow analyses are shown in Figure 4.2.2-5. These results indicate that the groundwater flow
systems in the area including the URL are governed by the undulating topography and are divided into a
local and regional flow system, depending on depth. The boundary between the two systems is located at a
depth of about 400 m below the ground surface and groundwater flow near the URL (drifts located at a
depth of about 500 m) is highly likely to be governed primarily by the regional flow system.

The investigations in this stage suggest that data acquisition and detailed analyses focussing on the
hydraulic conductivity and recharge rate in the formations identified as being important by the sensitivity
analyses are important for investigations in subsequent phases, in terms of reducing uncertainties regarding

direction and velocity of groundwater flow.
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Figure 4.2.2-5 Conceptualisation of groundwater flow in and around the URL area
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4.2.3 Surface-based investigations in and around the URL area

(1) Shallow subsurface hydrological investigations

1) Investigation aims and methods

The aims of the hydrological investigations are to acquire data on the distribution of the groundwater levels
that affect the distribution of the hydraulic gradient and the groundwater flow systems and to predict the
groundwater recharge rate from the surface to deeper sedimentary formations. In particular, with regard to
the groundwater recharge rate, a comprehensive evaluation is required using two different methods:

o hydrological balance method: indirect method based on the hydrological balance;
e hydraulic engineering method: recharge rate measurement method using data on the groundwater
level and the moisture content in the soil.

In the hydrological balance method, the groundwater recharge rate is obtained by subtracting the river
runoff and the total amount of evapotranspiration from the total precipitation in the drainage basin
concerned (Figure 4.2.3-1); in the hydraulic engineering method, the vertical seepage volume is obtained
based on a geotechnical method from the in situ vertical potential gradient and hydraulic conductivities.
Other methods include using a lysimeter and measuring vertical seepage directly using a thermal
microflowmeter or a tracer. The direct methods such as the hydrological engineering method can obtain a
local groundwater recharge rate at the observation point. Evaluation of the groundwater recharge rate for
each drainage basin should be based on prediction by the hydrological balance method. For this purpose,
accurate sequential measurements of volumes of precipitation, evapotranspiration, runoff and other

hydrological parameters will be required.

A list of the items covered by the hydrological investigations conducted in this stage is given in Table
42.3-1%79 A map indicating the location of the investigations in drainage basins that are currently

targeted for observation is shown in Figures 4.2.3-2 and 4.2.3-3 (see also Appendix 2).
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Figure 4.2.3-1 Hydrological balance method for estimating groundwater recharge rate
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Table 4.2.3-1 Observation items for shallow subsurface hydrological investigations

Aims Methods/specifications Items Location References
Hydraulic engineering method
, In situ hydraulic test Hydraulllc. HGW-1
Hydraulic conductivity ked 167
conductivity Hydraulic eda et al.
Laboratory hydraulic test conductivity (8 samples)
lkeda et al.®”
Groundwater Pressure gaug.e/ Groundwater HGW-1 Seno et al.5%
level manual operation level 70)
Tomura et al.
. 67)
. . ADR sensor Volymetrlc HGW-1 Ikeda et al. 0
Groundwater Soil moisture moisture content Tomura et al.
recharge rate sensor i
g Laboratory test Hydraulllc. (12 samples) | Ikeda et al.®”)
conductivity
Hydrological balance method
. e . 66)
Ralp gauge/ . Precipitation; all Hokushin Nakabayaser;; etal.
tipping-bucket with heater the year round Seno et al.
Overflow-type rain and snow Precipitation; all Hokushin
gauge the year round
Precipitation Horonobe
Precipitation Tipping-bucket rain gauge without snow kagnpetsu
season Kamitoikan
Horonobe
gr;ce)\:/tdegth meter/ Snow depth Toikanbetsu
yp Kamitoikan
Snowfall gravimeter/ Snowfall weight | Hokushin
metal wafer type
Thermometer/electrical, Temperature, Hokushin Nakabayashi et al.®®
Hygrometer/electrical relative humidity Seno et al.%®
Atmogpherlc pressure meter/ Atmospheric Hokushin
electrical pressure
Snow surface thermometer/ Temperature of .
L Hokushin
radiation snow surface
Wind vane and anemometer/ Wind direction Ho_ronobe
pinwheel type and velocity Toikanbetsu
Kamitoikan
Evapotranspiration | Anemometer/three cup Sggggd wind Hokushin
. . Horonobe
Sunshine recorder Duratlpn of bright Toikanbetsu
sunshine o
Kamitoikan
Actinometer Glolba_l solar Hokushin
radiation
Net pyrradiometer Amp u'nt of net Hokushin
radiation
Earth thermometer Earth Hokushin
temperature
s 66)
. Pressure gauge Water level P-3, P-4, P-5 Nakabayasér;; etal.
River flux Seno et al.
Current meter River flux P-3, P4, P-5
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Figure 4.2.3-3 Observatlon points and basins in and around the URL area
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2) Selection of investigation sites

Information on the groundwater recharge rate over the whole analytical region or the groundwater flow
systems in the shallow subsurface zone is required to establish upper boundary conditions for the
groundwater flow analysis. However, detailed investigation covering the whole analytical region is
difficult to achieve and, for this investigation, a sample drainage basin was therefore set up to represent the
hydrological characteristics of the analytical region.

Factors that may affect the characteristics of the hydrological balance include geology (lithology),
topography (undulation, water systems), overburden (land use, vegetation) and climate (precipitation,
temperature, humidity, wind velocity etc.). For the analysis of a wide region, such as studies on regional
groundwater flow, the accuracy of the analyses will depend on how well the data used in the analysis
represent those in the region. Therefore, for setting up the sample drainage basin, the characteristics of the
geology, topography and overburden of the whole Horonobe Town area were interpreted based on the
existing hydrology-related literature, aerial photographs and satellite images. A representative drainage
basin was then selected with wide ranging conditions and where the regional balance and hydrological
characteristics such as the density of water system and other factors were taken into account. In each
sample drainage basin, characteristics such as geology, topography and overburden were later converted to
numerical data or categorised into patterns. For selection of the actual observation points across the typical
drainage basin discussed earlier, factors such as transport access (assuming observations during the snowy
season) were compared and a drainage basin where the Neogene sediments to be characterised can be

found and with public roads along the river was chosen®®.

In July 2002, the Hokushin district was selected as the URL site. With this decision, three drainage basins
which enclose the URL area were selected for characterisation: the no.2 river drainage basin (P-1 drainage
basin) of the Shimoebekorobetsu River basin, the Penkeebekorobetsu River basin (P-2 drainage basin) and
the Shimizu River basin (P-3 drainage basin). From November 2004, the observation points were changed
to the P-3, P-4 (no.l river basin of the Shimoebekorobetsu River basin) and P-5 drainage basins
(Penkeebekorobetsu River basin) which enclose the URL area, with a view to further improving the data

on evapotranspiration and precipitation around the URL area (Figure 4.2.3-2).

The meteorological observations required for measuring precipitation and estimating evapotranspiration
are currently being conducted at four meteorological stations in the town (the Hokushin, Toikanbetsu and
Kamitoikan districts and central Horonobe) and at the Hokushin evapotranspiration observation tower
(Figure 4.2.3-2). Since precipitation and evapotranspiration will vary even in a 3 km x 3 km square area
(the Hokushin district), the URL area with two or more meteorological stations should be established to
acquire better data.

3) Calculation of groundwater recharge rate

Figure 4.2.3-4 shows the results of river runoff and meteorological observations at the P-1, P-2 and P-3
drainage basins for one year from August 2003 to July 2004. Based on these results, the groundwater
recharge rate for each drainage basin in the URL area was calculated by the hydrological balance

method®®"?,

i) Precipitation
The results of precipitation measurements at the Hokushin meteorological station in the period from
August 2003 to July 2004 are shown in Figure 4.2.3-5. Since the water equivalent of the snow cover will

be underestimated using a conventional hyetometer owing to the low snow catch ratio and the observation
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point is located in a pasture area with strong winds where the catch ratio of the hyetometer is considered to
be particularly low, the precipitation was measured using a hyetometer during the non-snowy season and
converted from the snow cover weight during the snowy season. As a result, the total precipitation for one
year from August 2003 to July 2004 was approximately 1,620 mm and that from December 2004 to
November 2005 was approximately 1,375 mm.
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Figure 4.2.3-4 River flux and meteorological observations from August 2003 to July 2004
Observations made by the Japan Metrological Agency (JMA) and JAEA
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Figure 4.2.3-5 Precipitation measurements from August 2003 to July 2004
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ii) Evapotranspiration

The evapotranspiration volumes in the P-1 to P-3 drainage basins from August 2003 to July 2004 were
obtained by the Penman method during the non-snowy season and by the bulk method during the snowy
season, using the observation results from the Hokushin meteorological station for the pasture area. As a
result, the evapotranspiration volume during the year of interest was calculated as being approximately
420 mm. The evaporation volume in the P-3 to P-5 drainage basins in woodland from December 2004 to
November 2005 (the period after the change of the observation points) was calculated by the Bowen
ratio — energy balance method using the measurements at the Hokushin evapotranspiration observation
tower. The volumes in the pasture area were calculated using the Penman method during the non-snowy
season and by the bulk method during the snowy season. As a result, the total volume during the year of
interest was approximately 260 mm.

i) Height of river runoff

The height of river runoff, obtained from the river runoff divided by the drainage basin area, is a
characteristic value for river runoff that can be directly compared with precipitation. The height of runoff
in the P-1, P-2 and P-3 drainage basins in the period from August 2003 to July 2004 was approximately
970 mm, 1,220 mm and 860 mm respectively. The weighted average of the height of runoff considering the
drainage basin area (P-1: 4.3 km®, P-2: 19.7 km®, P-3: 7.6 km’, total: 31.7 km®) was approximately
1,100 mm. The height of runoff for the P-3, P-4 and P-5 drainage basins in the period from December 2004
to November 2005 was approximately 810 mm, 800 mm and 1,070 mm respectively. The weighted
average of the height of runoff considering the drainage basin area (P-3: 7.6 km®, P-4: 2.3 km?, P-5:
20.8 km?, total: 30.7 km?) was approximately 990 mm.

iv) Groundwater recharge rate

The annual groundwater recharge rate for each drainage basin was calculated by adding the monthly
volumes of precipitation, river runoff and evapotranspiration for each basin around the URL area. The
results are shown in Table 4.2.3-2. The groundwater recharge rate in the period from August 2003 to July
2004 for the P-1, P-2 and P-3 drainage basins were approximately 230 mm, -20 mm and 340 mm
respectively, suggesting that P-1 and P-3 are recharge areas and P-2 is a discharge area. The total recharge

rate across all the drainage basins was approximately 100 mm.

The groundwater recharge rates in the period from December 2004 to November 2005 for the P-3, P-4 and
P-5 drainage basins were approximately 280 mm, 100 mm and 70 mm respectively, suggesting that P-3,

P-4 and P-5 are all recharge areas. The total rate across all the drainage basins was approximately 120 mm.

The evapotranspiration volume was approximately 17-26% and river runoff was approximately 53—78% of
the annual precipitation, as shown in Table 4.2.3-2. The groundwater recharge rates were in the range
-1.1-21% of the annual precipitation and varied depending on the drainage basin. It is not confirmed at this
stage whether they are caused by differences in the characteristics of the drainage basins, such as
vegetation and geology, and this is an important issue to be addressed in the future.
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Table 4.2.3-2 Groundwater recharge rate for each drainage basin

Measurement period Aug 2003 ~ Dec 2004 ~
P Jul 2004 Nov 2005
Annual total precipitation 1621 mm 1375 mm
Annual total evapotranspiration 419 mm _
Evapotranspiration/precipitation ratio 25.8%
P-1 Annual total river runoff 965 mm _
(4.405 km?) | River runoff/precipitation ratio 59.5%
Annual total groundwater recharge rate 237 mm _
Groundwater recharge rate/precipitation ratio 14.6%
Annual total evapotranspiration 419 mm _
Evapotranspiration/precipitation ratio 25.8%
P-2 Annual total river runoff 1220 mm _
(19.747 kmz) River runoff/precipitation ratio 75.2%
Annual total groundwater recharge rate -17 mm _
Groundwater recharge rate/precipitation ratio -1.1%
Annual total evapotranspiration 419 mm 281 mm
Evapotranspiration/precipitation ratio 25.8% 20.4%
P-3 Annual total river runoff 860 mm 811 mm
(7.647 km?) | River runoff/precipitation ratio 53.1% 59.0%
Annual total groundwater recharge rate 342 mm 283 mm
Groundwater recharge rate/precipitation ratio 21.1% 20.6%
Annual total evapotranspiration _ 377 mm
Evapotranspiration/precipitation ratio 27.4%
P-4 Annual total river runoff _ 901 mm
(2.315 km2) River runoff/precipitation ratio 65.5%
Annual total groundwater recharge rate _ 97 mm
Groundwater recharge rate/precipitation ratio 7.0%
Annual total evapotranspiration _ 241 mm
Evapotranspiration/precipitation ratio 17.5%
P-5 Annual total river runoff _ 1070 mm
(20.798 km2) River runoff/precipitation ratio 77.8%
Annual total groundwater recharge rate _ 64 mm
Groundwater recharge rate/precipitation ratio 4.7%
Annual total evapotranspiration 419 mm 261.5 mm
Evapotranspiration/precipitation ratio 25.8% 19.0%
Total Annual total river runoff 1098 mm 993 mm
River runoff/precipitation ratio 67.7% 72.2%
Annual total groundwater recharge rate 104 mm 120.5 mm
Groundwater recharge rate/precipitation ratio 6.4% 8.8%

4) Estimation of shallow subsurface hydrological conditions

The result of about two years of manual measurements of the groundwater levels from December 2003%”
indicates that the levels in all the boreholes drop during the snowy season in winter and rise with the
progress of snow melt in early spring. In addition to this annual fluctuation, a short-term fluctuation was
also observed, which is assumed to be the influence of rainfall. The range of groundwater level fluctuations,
with a maximum of approximately 5 m, varied depending on the location. Figure 4.2.3-6 shows a 2D
cross-section of the ground surface along the Hokushin no.6 road and the groundwater level on 2
December 2004, when the level was relatively low before snow fall, and on 2™ May 2005, when the
groundwater level was high after the snow had melted. It is clear from the figure that the local groundwater

divide is found near H15-1-1, although the topographical watershed is located near H15-1-4 where the
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groundwater level is low. When the groundwater divide and the topographical watershed are different,
some correction for the drainage basin area, for example, would be required in the hydrological balance

calculation.

With regard to the shallow subsurface hydrogeological structure, highly permeable zones were found to
exist at depths of 12-13 m and 18-19 m; these were assumed, from the hydraulic tests in boreholes
conducted in borehole HGW-1, to be either in the terrace sediments or near the boundary between the
terrace sediments and intact rock. In addition, continuous monitoring of the groundwater levels confirmed

the hydrological continuity of these highly permeable zones.
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Figure 4.2.3-6 Comparison of groundwater divide and topographical watershed
Data from shallow boreholes drilled along the Hokushin no.6 road

(2) Borehole investigations

1) Investigation aims and items

The borehole investigations include flowmeter logging, flowing fluid electrical conductivity logging,
hydraulic packer tests, laboratory tests on cores and long-term monitoring. Fluid logging such as flowmeter
and flowing fluid electrical conductivity logging is used to evaluate potential water conducting features
and solute transport pathways and their heterogeneity. Data obtained from the hydraulic tests will be used
to improve the understanding of the distribution of hydraulic head, hydraulic gradients and hydraulic
parameters and to present a conceptual image of groundwater flow. The laboratory tests on cores will be
used primarily to determine the hydraulic parameters of the rock matrix without distinct fractures. The aim
of the long-term monitoring is to acquire data on the distribution of hydraulic head and hydraulic gradients

and their evolution as affected by construction of the URL.

The hydraulic test may be one of the most important investigations as it provides the hydraulic
conductivity and hydraulic head. However, it is difficult to conduct hydraulic tests at varying depths with
very short intervals because of limited time and funding. Therefore, it is important to acquire data
efficiently using fluid logging techniques such as flowmeter logging that provide data in sequence along

the borehole and by combining hydraulic test.
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In this stage of the investigations, fluid logging was conducted immediately after drilling the boreholes and
the sections for the hydraulic tests were selected based on the results of the fluid logging and the results of
core inspections. When selecting the test intervals, the objectives of the tests, including obtaining data on
the hydraulic characteristics at single points such as representative points (to determine the average
hydraulic conductivity in each formation) and water conducting features, and sampling groundwater were
taken into consideration. A short test interval was set up to acquire data on the hydraulic characteristics of
single points such as water conducting features and a long test interval (approximately 10—150 m) was set
up to acquire data on the average hydraulic conductivity in each formation. It may be desirable for the
hydraulic conductivity at locations other than the hydraulic test intervals to be calculated by flowmeter
logging, but the logging results were used only for the selection of the test intervals for the hydraulic tests.
The reason for this is because the flowmeter logging conducted here was strongly affected by collapse of
the borehole walls and by drilling mud and almost all boreholes were under artesian condition and it was
difficult to calculate the overall transmissivity of the boreholes based on the recovery of the groundwater
level after the fluid logging. On the other hand, the results of the flowing fluid electrical conductivity
logging conducted in borehole HDB-11 could be used for identifying water conducting features and

calculating the transmissivity of them’".

Hydraulic tests in the laboratory using core specimen were conducted with the aim of obtaining data on the
hydraulic conductivities of rock matrices and complementing the single-hole hydraulic tests in boreholes.
Also, in borehole HDB-10, a measurement of the flow direction and velocity of the groundwater in the
deep sedimentary formations was conducted using an instrument for measuring very low velocities of

10"°-10° m s™". The investigations conducted in each borehole are listed in Table 4.2.3-3*239-7-7280)

2) Investigation methods

The subsurface environment of the Horonobe area includes sedimentary rock formations and borehole
walls therefore tend to collapse relatively easily. Groundwater is saline and contains dissolved gases.
Investigations were pursued in parallel with technology development for application under these conditions.
The approach of reducing uncertainties with the progress of the investigations therefore included not only

the accumulation of data but also improvement of investigation techniques and their reliability.

The collapse of borehole walls leads to enlargement of the borehole diameter, which makes evaluation of
the logging and the hydraulic test results difficult. In addition, the positioning of packers for the hydraulic
tests and monitoring of water pressure and chemistry would be restricted and, in the worst case, the
investigations might become impossible. For these reasons, drilling mud is used in most stages to decrease
the collapse of the borehole wall. However, the drilling mud adheres to the borehole walls and cannot be
completely washed off, even though it is replaced by fresh water in the test intervals when logging and the
hydraulic test are being conducted. The residual drilling mud may cause disturbance of the data from
flowmeter and temperature logging.

When drilling mud was used, the hydraulic tests were conducted based on pumping and drawdown because
injection or pressurisation would cause clogging. However, interpretation of the test results may be
difficult owing to bubbling of dissolved gases and, in the worst case, the tests will be impossible owing to
gas discharge.
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Table 4.2.3-3 Hydrogeological investigations in each borehole

Long-term
Flow meter logging (FM) CI)\:CUI:]::?L: ll\;%rgrt;ﬁcr)?f monitoring;
Borehole FEC logging (FEC) hvdraulic | h draulig Number of Other tests References
intervals [mbgl] ytests ytests pressure
sensors/ports
55.0—136.0 (FM)

HDB-1 55.0-206.0 (FM) 9 4 MP Yamamoto et al,*®
191.2-415.2 (FM) 4/15 Yabuuchi et al.”®
400.0-630.0 (FM)
49.2-403.5 (FM) SPMP Yamamoto et al®”

HDB-2 399.2-700.0 (FM) 8 4 717 Yabuuchi et al.”®
50.0-307.0 (FM) MP Yamamoto et al.”?

HDB-3 250.0-512.0 (FM) 4 13 6/13 Yabuuchi et al.”?

14 74)
50.0-310.0 (FM) . MP Yamamoto et al.

HDB-4 250.0-512.0 (FM) 4 frrﬁ:tt‘r‘i;"j'gg -13 Shimo et al.”

40.0-271.2 (FM/static) 76)

HDB-5 200.0-512.0 (FM) 4 13 - Yamamoto et al.
20.0-133.0 (FEC) 77)
50.0-307.0 (FM) 4 JYamamoto et al,

. MP Yabuuchi et al.

HDB-6 120.0-360.0 (FM) 7 fracture: 2 111 Shimo and
132.9-360.0 (FEC) matrix: 4 Kumamoto’®
350.0-606.0 (FM)

Yamamoto et a7l.27)9)
4 MP Yabuuchi et al.
HDB-7 301.2-501.0 (FM) 6 matrix: 4 9/9 Shimo and
Kumamoto®
20.0-111.2 (FM) 80)

HDB-8 100.0-302.0 (FM) 7 - bo yamamoto et 2y
280.0-463.0 (FM) :
25.5-125.0 (FM) MP

HDB-9 124.2-257.5 (FM) 8 - 9/11
256.2-520.0 (FM)
24.67-136.0 (FM) Piezo \?erlcél::ri]t?/\gitder 42

HDB-10 135.08-298.0 (FM) 9 - 111 direction Matsui et al.*?)
297.1-500.0 (FM)

measurement
151.95-440.0 (FM)
153.0-453.0 (FEC) MP
HDB-11 451.6-784.0 (FM) 12 12 1519

453.0-803.0 (FEC)
801.0-1005.0 (FM)

In order to resolve the conflict between clogging caused by the increase in pressure and the release of

dissolved gas caused by a decrease in pressure, a series of tests were performed by combining two or more

test methods based on pumping and drawdown. First, the hydraulic conductivity in the test intervals was

determined roughly and the release of dissolved gas associated with a reduction in the pressure was

checked by a test which should be minimally influenced by the reduction in pressure (e.g. a pulse test); the

differential water pressure was then determined for the subsequent tests to minimise the deterioration in the

quality of the test data owing to the release of dissolved gas

81)

For selection of the intervals for the hydraulic tests, the flowing fluid electrical conductivity was more

beneficial for determining inflow points of the groundwater than the flow velocity in the boreholes

obtained by flowmeter logging. The flowing fluid electrical conductivity logging was also useful because
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of the high contrast in electrical conductivity between the saline groundwater (high electrical conductivity)

and the borehole water replaced with fresh water (low electrical conductivity).

3) Selection of investigation intervals

During the investigations conducted in boreholes HDB-1 and HDB-2 in 2001, no major loss of circulation
or inflow was observed. In addition, no groundwater seepage points were identified in the flowmeter
logging. Based on the above results and considering the purpose of obtaining the average hydraulic
conductivity to be used in selection of the URL area, the hydraulic test intervals were selected to be in a
zone representing the geology of interest and including fractures as well as rock matrix. During the
investigations in borehole HDB-4 in 2002, large loss of circulation occurred during drilling (at a depth of
218.45-236.53 m) and this depth was therefore selected as the test interval. A damaged zone of the
Omagari Fault was observed at a depth of 380 m or more in borehole HDB-4. At other depths in boreholes
HDB-3 to HDB-5 where investigations were conducted in the 2002, the points where changes in the
temperature and resistivity of the borehole water were observed during the temperature and flowmeter
logging were selected. In the flowmeter logging conducted before 2002, interpretation of the abnormal
values was difficult owing to the residues of drilling mud, even after replacement with fresh water. For the
investigations in boreholes HDB-6 to HDB-8 in 2003, the test intervals were selected to clarify the
variability of hydraulic conductivity and obtain groundwater samples in the zone where abnormal values
were detected during flowmeter logging. As the relationship between fractured zones (minor fault zones)
and hydraulic conductivity has been established from the results of the hydraulic tests and geological
investigations in boreholes HDB-1 to HDB-8, the test intervals were selected to understand the
characteristics of the groundwater flow at the points assumed to be fractured zones and points which do not
contain such zones in boreholes HDB-9 to HDB-11, where tests were conducted after 2004.

Long-term hydraulic monitoring systems were installed in boreholes HDB-1, HDB-2, HDB-3, HDB-6,
HDB-7, HDB-8, HDB-9, HDB-10 and HDB-11 (installed in February 2007). None were installed in
boreholes HDB-4 and HDB-5 because of long-term hydrochemical monitoring (HDB-4) and other future
investigations (HDB-5).

4) Investigation results

i) Hydraulic conductivity

The hydraulic conductivities obtained from the hydraulic tests were plotted against depths from the ground
surface, as shown in Figure 4.2.3-7. The variability of hydraulic conductivity was relatively small in the
Yuchi and Koetoi Formations, while hydraulic conductivities in the Wakkanai Formation varied widely in
the order of 10"2-10” m s™'. However, it may not be appropriate to discuss the results statistically because
the hydraulic tests did not cover all the drilled sections and the test intervals were selected intentionally as
described above. There seems to be an inverse correlation between depth and hydraulic conductivity in
every formation but the correlation is fairly low in the Koetoi and Yuchi Formations. In particular, the rate
of change of hydraulic conductivity with depth is much greater in the Wakkanai Formation than that in the
Koetoi and Yuchi Formations. At the same depth the hydraulic conductivities of the overlying formations
are lower, for example, being lower in the Koetoi Formation than in the Wakkanai Formation. All the
hydraulic conductivity values obtained in situ are listed in Table 4.2.3-4.

The hydraulic conductivities obtained from the laboratory tests were plotted against porosity (Figure
4.2.3-8) and were found to correlate well with the porosity irrespective of whether they were from the
Wakkanai Formation or the Koetoi Formation.
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Below are the findings that would be particularly important for clarifying the hydraulic characteristics of

the rock formations in the Horonobe area (see Appendix 5):

Hydraulic conductivity tends to be higher in the shallower zone of the Wakkanai Formation. No
obvious differences in lithofacies and development of fractures were observed between the shallower
and deeper zones of the Wakkanai Formation.

The hydraulic conductivities obtained via borehole tests and those from the laboratory hydraulic tests
showed approximately the same values in the Yuchi Formation. The values from the in situ tests tend
to be much higher in the Wakkanai Formation. The values in the Koetoi Formation lay between the
values in the other two formations.

There was a section/point where the hydraulic conductivity was very high around a depth of
280-290 m in borehole HDB-4, which was confirmed by the flowmeter logging and the temperature
logging as being an obvious anomaly. There was also a section where the hydraulic conductivity was
very high around a depth of 218-236 m, but no obvious anomaly was observed in the flowmeter
logging. The difference in hydraulic head in the two highly permeable zones was as large as several
tens of metres, implying no connectivity between them.

There were highly permeable sections/points around depths of 295-305 m and 392 m in borehole
HDB-6, which were confirmed by the flowmeter and flowing fluid electrical conductivity logging to
be obvious anomalies.

There were highly permeable sections/points around depths of 176 m and 206 m in borehole HDB-8.
Since the hydraulic heads were the same, these sections/points may be connected.

There was a highly permeable section/point around a depth of 245 m in borehole HDB-9. This was
confirmed by the flowmeter logging.

Minor faults at a high angle to the bedding plane were dominant at the highly permeable points.
Hydraulic conductivity suddenly dropped around a depth of 700 m or more in borehole HDB-11.
There was no difference in lithofacies and fracture distribution in the zones above or below this depth.
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Figure 4.2.3-7 Hydraulic conductivities derived from hydraulic tests in boreholes
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Table 4.2.3-4 Hydraulic conductivities and heads obtained via borehole hydraulic tests

Interval depth Interval length Transmissivity Hydraulic conductivity Hydraulic head

Borehole [mbgl] (m] Geology [m2s] [ms] [mbgl]
HDB-1 370.00 — 395.00 25.00 Wakkanai F 2.43x10% 9.70x10™ 4.00
548.00 — 563.19 15.19 Wakkanai F 5.00x10? 3.20x10™"° -0.70
HDB-2 344.90 — 404.90 60.00 Wakkanai F 2.10x107 3.50x10 -43.00
666.50 — 682.69 16.19 Wakkanai F 3.97x107° 2.45x10™ -147.00
679.50 — 695.69 16.19 Wakkanai F 5.84x107° 3.61x10™" -115.07
HDB-3 160.50 — 200.45 39.95 Koetoi F 1.34x10° 3.35x10° -1.37
201.95 — 241.90 39.95 Koetoi F 2.81x107 7.03x10°° -3.31
394.98 — 405.00 10.02 Koetoi F 8.48x10® 8.46x10° -7.28
454.50 — 520.00 65.50 Wakkanai F 2.36x107 3.60x10° -8.44
HDB-4 218.45 — 236.53 18.08 Wakkanai F 2.55x10™* 1.41x10° 3.28
281.45 — 299.53 18.08 Wakkanai F 1.69x10™* 9.35x10® -8.87
371.90 — 406.43 34.53 Omagari Fault damaged zone 1.85x10° 5.36x107 -11.07
407.90 — 520.00 112.10 Omagari Fault damaged zone 3.52x10° 3.14x10® -9.85
HDB-5 154.05 — 180.46 26.41 Wakkanai F 1.71x10° 6.47x107 -18.00
182.05 — 250.46 68.41 Wakkanai F 5.80x10° 8.48x107 -20.04
331.22 - 402.23 71.01 Wakkanai F 3.12x10° 4.39x10® -11.49
404.74 — 420.19 15.45 Wakkanai F 1.08x107 7.01x10° -8.80
HDB-6 41.54 — 84.59 43.05 Koetoi F 7.75x107 1.80x10°® 2.14
218.95 — 250.00 31.05 Koetoi F 4.72x10°® 1.52x10° -6.18
280.95 — 312.00 31.05 Wakkanai F 5.68x10° 1.83x10° -7.58
363.95 — 409.00 45.05 Wakkanai F 7.39x10° 1.64x10° -7.62
437.95 — 483.00 45.05 Wakkanai F 3.30x107 7.32x10° -2.65
484.95 — 545.00 60.05 Wakkanai F 1.57x10° 2.61x10™" -13.37
484.95 — 620.00 135.05 Wakkanai F 2.93x107 2.17x10™" -10.16
HDB-7 36.36 — 62.91 26.55 Yuchi F 7.33x10°® 2.76x10° -0.05
36.36 — 178.00 141.64 Yuchi F 5.69x107 4.02x10° 0.81
216.30 — 225.42 9.12 Yuchi F 3.06x107° 3.35x107° -16.18
256.66 — 287.71 31.05 Yuchi F 1.04x10°® 3.34x10™° -20.56
321.21 - 338.86 17.65 Yuchi F 4.85x10° 2.75x10™° -18.87
321.23 — 447.00 125.77 Yuchi F and Koetoi F 5.62x10% 4.47x107"° -16.47
HDB-8 57.50 — 89.05 31.55 Koetoi F 3.01x107 9.54x10 7.38
168.01 — 184.06 16.05 Wakkanai F 4.59x10° 2.86x10° 6.80
196.01 — 212.06 16.05 Wakkanai F 1.89x10° 1.18x10° 6.84
247.01 — 295.06 48.05 Wakkanai F 1.29x10°® 2.69x107° 1.90
303.97 - 362.02 58.05 Wakkanai F 3.29x107 5.67x10° 0.24
355.97 — 414.02 58.05 Wakkanai F 1.57x10° 2.71x10™ -3.99
355.97 — 470.00 114.03 Wakkanai F 2.27x107 1.99x10° 1.22
HDB-9 25.50 — 82.60 57.10 Wakkanai F 2.86x10° 5.00%107 22.47
46.37 - 82.60 36.23 Wakkanai F 2.04x10° 5.64x10® 26.39
144.97 — 202.02 57.05 Wakkanai F 3.43x10® 6.02x10™ 21.53
157.90 — 187.95 30.05 Wakkanai F 6.55x107° 2.18x10™ 20.60*
216.90 — 257.50 40.60 Wakkanai F 6.09x10° 1.50x10° 20.31
326.97 — 370.02 43.05 Wakkanai F 3.28x10® 7.62x10™° 17.59
383.97 — 427.02 43.05 Wakkanai F 2.69x10°° 6.25%10® 16.90*
430.97 — 474.02 43.05 Wakkanai F 3.84x107 8.91x10° 15.45
HDB-10 41.33 - 59.88 18.55 Koetoi F 4.70x10°® 2.53x107 0.62
101.33 — 136.00 34.67 Koetoi F 2.46x107 7.09%10°° -1.60
162.84 — 199.89 37.05 Koetoi F 6.11x10° 1.65x10° -3.48*
219.34 — 256.39 37.05 Koetoi F 3.51x10® 9.48x10™ -4.82*
295.91 — 319.96 24.05 Wakkanai F 1.66x107 6.91x10° -1.36
329.91 — 353.96 24.05 Wakkanai F 2.69x10° 1.12x107 -1.32
387.91 — 411.96 24.05 Wakkanai F 5.99x107 2.49x10® -1.54
445.84 — 469.89 24.05 Wakkanai F 5.87x10° 2.44x107 -5.22
457.34 — 481.39 24.05 Wakkanai F 4.91x10® 2.04x10°° -0.62
HDB-11 55.50 — 75.55 20.05 Koetoi F 2.60x107 6.96x10™ 0.98
115.58 — 153.00 37.42 Koetoi F 2.77x10° 1.38x10° 0.11
171.00 — 237.05 66.05 Koetoi F 1.37x107 2.07x10° -0.14
311.00 — 380.05 69.05 Koetoi F 1.40x107 2.03x10°° -3.79
564.00 — 584.05 20.05 Wakkanai F 3.07x107 1.53x10°® -5.51
606.00 — 644.05 38.05 Wakkanai F 8.60x107 2.26x10® -5.57
646.00 — 666.05 20.05 Wakkanai F 1.76x107 8.78x10° -5.76
670.00 — 690.05 20.05 Wakkanai F 2.51x107 1.25x10° -5.08
697.00 — 735.05 38.05 Wakkanai F 1.61x10™"° 4.22x10™" -11.21*
704.00 — 724.05 20.05 Wakkanai F 1.25%x107"° 6.25x107" -14.79
812.00 — 828.05 16.05 Wakkanai F 1.96x10™ 1.22x10™? -37.42*
923.00 — 1000.10 77.10 Wakkanai F 2.01x10® 2.61x10™ -41.99

*Unstable when measured
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Figure 4.2.3-8 Correlation between hydraulic conductivity and porosity
Data obtained from laboratory measurements on core samples

ii) Hydraulic head/hydraulic gradient

The relationship between the hydraulic heads obtained from the hydraulic tests (Table 4.2.3-4) and the
elevation of the borehole mouth is shown in Figure 4.2.3-9. This figure indicates that the distribution of
hydraulic head in the formations is correlated with elevation (or topography) and tends to be slightly higher
(pressurised) than the elevation of the borehole mouth. One possible explanation could be that the

hydraulic head distribution is governed primarily by the topographical gradient and most boreholes were

located at a relatively low elevation. The hydraulic head was higher in borehole HDB-2 compared to other
boreholes and reached as high as +180 m elevation (+140 m above the ground surface) at around 700 m
depth. Also, it was high in the low conductivity zone deeper than approximately 700 m in borehole

HDB-11. These facts suggest that the hydraulic head remains high in the deeper zone.
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Figure 4.2.3-9 Correlation between hydraulic head and the elevation of borehole mouth
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The 3D distribution of hydraulic head obtained by interpolation and extrapolation of measured data is
shown in Figure 4.2.3-10. It can be seen from this figure that the general trend of the hydraulic gradient is
from east to west and the hydraulic gradients in the direction from boreholes HDB-5 to HDB-4 or HDB-§
were particularly high.

Hydraulic head [m]
120

Figure 4.2.3-10 Distribution of hydraulic head estimated by interpolation/extrapolation

iii) Hydrogeological significance of fracture zone

Hydraulic conductivities of fracture zones (or fault zones) were examined using data obtained in boreholes
HDB-1 to HDB-8%?. For the Wakkanai Formation, where hydraulic conductivities show a wide distribution,
it was found that the hydraulic properties of the entire formation were significantly affected by the

variability of hydraulic conductivity in the test intervals including the fracture zone.

For the Koetoi Formation, no significant difference in the hydraulic conductivity with or without fracture
zones was observed. However, a high hydraulic conductivity was seen in the section where fractures
prevailed in the shallow zone of borehole HDB-10, indicating that the relationship between fracture zone

and hydraulic conductivity also cannot be ignored for the Koetoi Formation.

There were no fracture zones in the Yuchi Formation. Since the variability of hydraulic conductivity was
small in the Yuchi Formation and the in situ hydraulic conductivity was not significantly different from that
obtained from the laboratory hydraulic tests, the relationship between fracture zone and hydraulic

conductivity in the formation is assumed to be insignificant.
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iv) Quality of borehole investigations

A composite log would be useful for comparing anomalies in the data and the distribution of hydraulic
conductivity and hydraulic head, which were obtained from various logging runs. Detailed comparison of
the anomalies obtained from the different logging and test results, water pressures obtained from the
hydraulic tests and long-term monitoring and hydraulic conductivities determined from the logging and the
hydraulic tests would ensure the quality of the loggings and the tests.

As an example, a composite log of the results from flowmeter logging, flowing fluid electrical conductivity
logging, hydraulic tests, laboratory hydraulic tests and long-term monitoring of water pressure in boreholes
HDB-6 and HDB-11 is shown together with the fracture density from core observation and the results of
temperature logging in Figures 4.2.3-11 and 4.2.3-12 respectively. At depths of around 300 m and 400 m in
borehole HDB-6, highly permeable sections were identified, with a hydraulic conductivity of about
10° ms™. In addition, at a depth of around 550700 m in borehole HDB-11, relatively highly permeable
sections/points were observed. The flowmeter logging detected a change in the flow velocity around 400 m
deep in borehole HDB-6, but anomalies in the flowmeter logging and temperature logging were not
obvious at other depths. This suggests that, because of a clear contrast in electrical conductivity between
outside the borehole (saline groundwater) and inside the borehole (fresh water), the anomalies in the
electrical conductivity profile would be more appropriate for detecting inflow points. The high fracture
density sections did not necessarily coincide with the highly permeable sections/points, although, as
discussed above, a correlation between minor fault zones and hydraulic conductivity was likely.

The hydraulic conductivities obtained from the laboratory hydraulic tests and single-hole hydraulic tests
were very different for all the boreholes except HDB-7 where the relatively homogeneous Yuchi Formation
was investigated. The differences in the hydraulic conductivities determined in the laboratory and via
borehole tests for the Wakkanai and Koetoi Formations were assumed to be the fact that the laboratory
values were for matrix parts while in situ values were for fracture zones. This suggests that the Wakkanai

and Koetoi Formations should be regarded as fractured media in terms of hydrogeology.

The hydraulic head values obtained during the hydraulic tests and the long-term monitoring were almost
the same for all the boreholes. This suggests that the hydraulic head values obtained by the above testing
and logging were appropriate.
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4.2.4 Hydrogeological modelling

(1) Approach to modelling hydrogeological structure

The aims of modelling hydrogeological structure and analysing groundwater flow are to enhance the
understanding of the characteristics of groundwater flow in and around the URL area by integrating and
interpreting the above investigations in order to predict the evolution of the groundwater flow system
associated with the construction of the underground facilities and to make proposals for how to conduct
investigations efficiently and systematically in Phase II and/or Phase III as development of the
methodologies for understanding a groundwater flow field in the geological disposal project. It is of
importance to present specific examples of updating of the models and reduction of uncertainties with the

progress of the investigations for reviewing the applicability of the safety assessment techniques.

In the Mizunami URL project, a process for reducing model uncertainties has been proposed, involving an

) In Sweden, an

iterative approach based on an investigation — modelling — analysis cycle
investigation/modelling process is being used for potential repository sites at Forsmark and Simpevarp, in
which a database of investigation results are frozen at a certain point in time and models are developed
based on the frozen database and subsequently revised®**. In the Horonobe URL project, modelling and
analysis has been updated almost every year based on the most recent data available®*?**  Table
4.2.4-1 shows the evolution of the major hydrogeological structure models with the progress of the
investigations from the time of selecting the URL site to the completion of Phase 1. The models shown here
represent the final state of modelling and analysis® ™ for Phase I, based on the investigations up to and
including those in 2005. Modelling and analysis of groundwater flow focussing on the present groundwater
flow system is described in this section and an analysis aimed at predicting the evolution of the

groundwater flow system associated with the construction of the URL is presented in Subsection 4.6.3.

At the time of selecting the URL area and site and before the model presented in Subsection 4.2.2 was
developed, a sensitivity analysis was conducted for an area of 50 km X 50 km square covering the whole
area of Horonobe Town and the hydraulic head and the groundwater streamlines were examined for the
four potential URL areas®”*®. Although the results were not taken into account in the selection of the URL
area and URL site, a sensitivity analysis would be beneficial at the selection stage for predicting the
outlines of the groundwater flow system in this area.

Other studies now being conducted include development and application of a technique for predicting the

9),90)

distribution of the hydraulic conductivity from the water pressure distribution®”””, focussing on

abnormally high pressure such as observed in borehole HDB-2, and analyses taking the mechanical

191)

influence of water pressure into account. Toida et a and Takase et al.”” have developed alternative

models as part of their studies aimed at ensuring model reliability.

Model development should be pursued together with studies on the long-term stability of the geological
environment, because the hydrochemical and hydraulic conditions generated through environmental
evolution in the deep sedimentary formations. Against this background, integration and analysis of
information on natural phenomena that are presumed to affect the geological environment on the long-term,
such as groundwater flow, are currently being conducted’. The process whereby the saline groundwater
system confined during sedimentation is mixed with rain water over a long time period is also described
analytically in order to review the consistency between actual measurements and the analysis of

distribution of the groundwater chemistry®*

. Such an approach, combining groundwater flow and
advection — dispersion of the dissolved components, will be critical not only for explanation of the water

chemistry distribution, but also for improvement of confidence in the groundwater flow analysis.
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(2) Outline of groundwater flow analysis

The analysis in the investigation stage covering the whole area of Horonobe Town indicated that the largest
groundwater streamline through the URL area was considered to be the one that flows out of the Shimizu
River or the upper Penkeebekorobetsu River to the Teshio River in a south or south-west direction from
these rivers. The area covering the Shimizu River and the upper stream of the Penkeebekorobetsu River as
the upper boundary and the Teshio River as the southern boundary was established as the domain for
detailed analysis. The analysis domain is shown in Figure 4.2.4-1.

In the H12 report, it is stated that many rock formations in Japan can be classified as fractured rocks and
some Neogene sedimentary formations are classified as rocks with the characteristics of both fractured and
porous media’”. From the borehole investigations, the sedimentary formations were characterised, in terms
of hydrogeology, as being fractured or with the characteristics of both fractured and porous media.
Although understanding the distribution of the fractures and their hydraulic characteristics will be critical
when considering solute transport through the fractured rocks, no generalised method for investigation or
modelling has been developed owing to large regional variances. The two types of modelling approach
were thus applied for identifying the effects of differences in modelling techniques for the minor fault
zones in the Wakkanai Formation on the water pressure distribution and the groundwater streamlines:

e homogeneous continuum model;

e cquivalent heterogeneous continuum model.

The homogeneous continuum model, which assumes a stratum with a scale of about 20 km x 20 km square
to be homogeneous even if it includes fault zones, can be considered as a generic model without direct
consideration of minor fault zones. For the analysis using the homogeneous continuum model, the
sensitivity analyses for hydraulic head were conducted using the rainfall intensity and hydraulic
conductivities in the Wakkanai and Koetoi Formations and the Omagari Fault as parameters, using average
values from the actual measurements discussed in Subsection 4.2.3 or estimates based on the literature as
the reference hydraulic conductivity for each geological formation. The results of the sensitivity analysis
and the distribution of the water pressure that was actually measured were then compared and the input
parameters such as hydraulic conductivity were optimised within a predictable range in order to represent
the distribution of the water pressure that was actually measured™.

. LI S o
Analytical region’

U3

20km *
—

] ..
Base map is part of the 1:200,000 scale regional map (Teshio, Esashi) published by the Geographical Survey Institute

Figure 4.2.4-1 Region for groundwater flow analysis
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The equivalent heterogeneous continuum model is a method of modelling that reflects information on the
spatial distribution of fractures obtained from borehole and outcrop investigations in the spatial distribution
of the hydraulic characteristics of the homogeneous continuum model, to represent groundwater flow in
heterogeneous and discontinuous rocks™>. Here, the equivalent heterogeneous continuum model was
introduced to model the minor fault zones directly and thereby examine the effect on the groundwater flow

of the distribution of highly permeable minor fault zones™.

(3) Analysis using the homogeneous continuum model

1) Analytical conditions

A finite element code, Dtransu—3D—EL%), based on the Eulerian — Lagrangian method was used in the
analysis of groundwater flow with the homogeneous continuum model, taking the advection — dispersion
of salinity into account. However, an advection — dispersion analysis was not conducted here. The
formations subjected to the analyses were, according to hydrogeological classification, the Masuporo
Formation and lower, the Wakkanai Formation, the Koetoi Formation, the Yuchi Formation, the Sarabetsu
Formation, the Omagari Fault, the Horonobe Fault (N1 fault) and the shallow subsurface/terrace sediments.
Figure 4.2.4-2 shows the analytical mesh and the boundary conditions.

The hydraulic conductivity in the reference case was estimated based on average values from actual
measurements, as discussed in Subsection 4.2.3 (2), and on literature data. The hydraulic conductivities in
the Wakkanai, Koetoi and Yuchi Formations were obtained by the least squares approximation line taking
into consideration the trend of decreasing hydraulic conductivity with depth as indicated by the
interpretation of the results of hydraulic tests in boreholes. The upper limit of the hydraulic conductivities
in each hydrogeological classification was set as the maximum value of the in situ hydraulic test results in
each formation and the lower limit as the logarithmic mean of the hydraulic conductivities measured by the
laboratory hydraulic tests for the rock matrix. The trend of decreasing hydraulic conductivity with depth
was also taken into account for the Omagari Fault, although data were as sparse as two points. The gradient
of the trend for the Omagari Fault was considered to be equal to, but the overall hydraulic conductivity was
set to be one order of magnitude higher than, that of the Wakkanai Formation. For the other formations,

o o 63 :
there were no measured data and existing investigation results® and estimated values were used.

Sensitivity analyses were conducted to determine the influence of rainfall intensity and the hydraulic
conductivities of the Wakkanai and Koetoi Formations and the Omagari Fault on the hydraulic head in
each borehole. A reference value and twice and half of the reference value were used for rainfall intensity.
For the Wakkanai Formation, cases using anisotropic hydraulic conductivity were set, assuming a minor
fault zone with a dominant E-W strike in the formation. For the Koetoi Formation, cases where the
hydraulic conductivity was either higher or lower by one order of magnitude were set. For the Omagari
Fault, there was a case where the hydraulic conductivity was set higher and a case where anisotropic
hydraulic conductivity was applied, assuming the existence of a fault core with low hydraulic conductivity.

For the optimisation analysis, an inverse analysis that optimises the input conditions such as the hydraulic
conductivity within a predictable range was carried out based on a comparison of the results of the
sensitivity analysis and the measured water pressure distribution, to ensure that the measured water
pressure distribution would be well represented. An inverse analysis may be better if it is conducted
quantitatively using an index such as the deviation between the measured values and the calculated values.
However, since issues such as the weighting for the area where data were insufficient remained unresolved,

the analysis was conducted on a trial and error basis using qualitative criteria.
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No flow boundary:
E and N ends

Precipitation:
Top boundary

—_—

Surface layer removed

Constant head:
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S end and bottom boundary

Surface
Sarabetsu F

Yuchi F
Koetoi F
Wakkanai F

Masuporo F N1 fault

Omagari Fault

Figure 4.2.4-2 Finite element mesh and boundary conditions

2) Analytical results for groundwater flow

The sensitivity analysis has revealed that rainfall intensity has a strong influence in high elevation areas
and that a discontinuity in the distribution of hydraulic head has been lost between the east and west sides
of the Omagari Fault in the cases where the hydraulic conductivity of the fault was either high or
anisotropic and the hydraulic conductivities in the Wakkanai and Koetoi Formations influences the
distribution of the hydraulic head in the drainage basin.

For the optimisation analysis based on the sensitivity analysis, reference hydraulic conductivities and
parameters to be optimised were selected by comparing the results of the sensitivity analysis with
measured values. As a result, rainfall intensity was changed for the cases which use anisotropic hydraulic
conductivity for the Wakkanai Formation and the cases which use the same hydraulic conductivities as
those in the reference case for other formations.

Figure 4.2.4-3 shows the result of the optimisation analysis, compared with the measured values. Along
with the decrease in rainfall intensity, the hydraulic head in boreholes HDB-5 and HDB-9 were lowered.
Owing to the decrease in rainfall intensity, the hydraulic head in borehole HDB-9 approaches the measured
value, while that in borehole HDB-5 deviates from the measured value at a depth of around 100 m. The
reason why the hydraulic heads of the two boreholes were not represented correctly at the same time could
be that the local geological structures (i.e. minor fault zones) controlling the groundwater flow were not
correctly reflected in the model and that there was a limitation in applying the hydrogeological
classification to the geological structure. For the current model, a rainfall intensity of approximately
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0.3-0.7 mm d” would be an appropriate value. There was almost no influence owing to rainfall intensity in

the other boreholes. This is because the elevation of the other boreholes was relatively low and they were
influenced by the river water level rather than by the rainfall intensity. None of the high hydraulic heads in
the deep zone of borehole HDB-11 could be simulated.
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Figure 4.2.4-3 Comparison of hydraulic head between simulation and measurement

_91_

[Isew] uoneas|g



JAEA-Research 2010-068

Figure 4.2.4-4 shows the distribution of hydraulic head at a vertical cross-section through boreholes
HDB-6 and HDB-7 (A-A’ cross-section in the figure) in the case of a rainfall intensity of 0.5 mm d”' and
the streamline of the groundwater passing through elevations of 0 m, -200 m, -400 m and -600 m in
boreholes HDB-4 and HDB-6 to HDB-11. It can be concluded from the hydraulic head distribution that a
high hydraulic head is maintained in the mountains on the east side (upper part of the Shimizu River), the
direction of the hydraulic gradient is generally from east to west and hydraulic gradients are governed
locally by the topographical gradients. These findings were the same as the concept for the groundwater
flow system predicted from the analysis results in the investigation stage using existing information and
were consistent with the groundwater flow system predicted from the measured values as shown in Figure
4.2.3-10. However, the streamlines indicate that local groundwater flow systems such as the
Penkeebekorobetsu River basin and the Shimizu River basin have an influence on deeper zones, compared
to the prediction based on conventional models.

Mp: Masuporo Formation

Wk: Wakkanai Formation
Wk1: Upper part and near Om
Wk2: Upper part and far from Om
Wk3: Lower part

Kt: Koetoi Formation

Yc: Yuchi Formation

Sa: Sarabetsu Formation

Om: Omagari Fault

Thick line : downstream
Thin line : upstream

Distribution of hydraulic head _ 0

-1000-

-2000-

-3000-

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000

Figure 4.2.4-4 Distribution of hydraulic head and groundwater flow paths through boreholes
HDB-4 and HDB-6 to HDB-11, obtained by the optimisation analysis
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(4) Analysis using the equivalent heterogeneous continuum model

The equivalent heterogeneous continuum model®® uses a method in which rocks are substituted with
heterogeneous and discontinuous structures such as fractures and has been applied for rocks such as granite,
where fractures dominate the groundwater flow””?”. This model was applied to the Wakkanai Formation
and the Koetoi Formation using the 3D saturation/unsaturation seepage flow analysis code, EQUIV-FLO,

based on the finite element method®.

The formations subjected to the analyses were, according to the hydrogeological classification, the
formations below the Masuporo Formation, the Masuporo Formation, the Wakkanai Formation, the Koetoi
Formation, the Yuchi Formation, the zone shallower than the Sarabetsu Formation, the Omagari Fault and
the Horonobe Fault (N1 fault). A finer mesh was used than that for the homogeneous continuum model.

The selection of the hydraulic conductivities in the formations other than the Wakkanai and Koetoi
Formations were the same as those for the analysis using the homogeneous continuum model. For the
Wakkanai and Koetoi Formations, minor fault zones assumed to be disks were generated hypothetically
based on the 1D density and the strike/dip distribution of the minor fault zones observed in boreholes
HDB-1 to HDB-8. The transmissivity and length of the minor fault zones were then estimated by
comparing the results of hypothetical hydraulic tests with the actual hydraulic tests. For statistical
treatment of the minor fault zones, 10 realisation analyses were conducted by combining the distribution of

the minor fault zones generated probabilistically.

The groundwater flow system obtained as a result of the analysis was qualitatively the same as that of the
homogeneous continuum model, which suggests that, whether or not the minor fault zones were directly

modelled, groundwater flow systems such as recharge and runoff areas could be predicted analytically.

The major benefit of the equivalent heterogeneous continuum model would be that variability in results
could be presented by generating minor fault zones probabilistically. The streamlines and the range of the
hydraulic head distribution could be predicted to some extent. This should be useful for assessing
uncertainties in the case of the actual disposal project. Predicting the amount of groundwater inflow into
the underground facilities as described in Subsection 4.6.3 would also be useful for planning the drainage

of the facilities.

In the analysis using the equivalent heterogeneous continuum model, a critical achievement would be
demonstrating a modelling process in which minor fault zones indicated in the geological structure model

were used in the hydrogeological model.
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4.3 Hydrochemical investigations

4.3.1 Aims

As described in the previous sections, the Phase I investigations were carried out, which focussed on two
main areas: the whole area of Horonobe Town and in and around the URL area. For the hydrochemical
investigations, the following four aims were established:

to clarify 3D distributions of groundwater chemistries;
to explain the major groundwater evolutions;

to estimate the origin and residence times of the groundwater;

to improve the investigation techniques for determining groundwater chemistries.

4.3.2 Surface-based investigations covering the whole Horonobe Town area

(1) Investigation aims and methods

For the whole area of Horonobe Town, surveys of existing information and borehole investigations
(HDB-1 and HDB-2) were conducted primarily to acquire data to be used for the selection of candidate
URL area and a URL site and for planning investigations in and around the URL area.

(2) Investigations using existing information
A very limited amount of information is available data on the groundwater chemistry in the Horonobe
Town area, most of which comes from chemical analyses of well water used for daily water supply’®.

Other information that could be useful includes investigation results from the D-1 borehole investigations.

The maximum depth of wells used for daily water supply is approximately 100 m, which means that water
has been sampled mainly from shallower formations (e.g. the Sarabetsu Formation) rather than from the
sedimentary rocks of interest (the Wakkanai and Koetoi Formations). Such groundwater has a pH
approximately 7 and contains abundant Na” and HCO; (concentrations of 13-17 mg "' and 50-70 mg I
respectively) and relatively small amounts of other dissolved constituents. On the other hand, the results of
the investigations in borehole D-1 indicated the presence of saline groundwater containing the same

salinity as that of present sea water deep subsurface (approximately 500—1,000 m depth).

(3) Borehole investigations

Groundwater was sampled in combination with hydraulic packer tests in deep boreholes HDB-1 and
HDB-2 (Table 4.3.2-1, see also Appendix 2) drilled in the URL site selection stage. Since the hydraulic
conductivities of the sedimentary formation were low over the entire length of the boreholes, the
groundwater was sampled from a section with relatively high hydraulic conductivity (approximately
10210 ms™).

1) Sampling and analysis of groundwater from boreholes

Groundwater sampling from the boreholes was carried out with the aim of obtaining samples with residual
drilling mud of 1% or less, using the concentration of a tracer added to the drilling mud as an indicator’”.
Sodium-naphthionate, a type of fluorescent dye, was selected as the tracer, given its low sorptivity onto
rocks and ease of measurement.

Since Na-HCO; type groundwater with low mineralisation was assumed to exist in shallower formations,
such groundwater from the shallower subsurface was used at the time of borehole drilling. Water chemistry
(pH, electrical conductivity, major constituents) and Na-naphthionate were analysed every hour to confirm
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that no significant change in the water chemistry had occurred during borehole drilling. The concentration
of Na-naphthionate added was specified as 10+ 1 mg I'" in this investigation, considering the desired
inclusion level of drilling mud (1% or less) and the lower limit of the in situ quantification of the
Na-naphthionate). During pumping tests, the concentration of Na-naphthionate was measured every one to
two hours depending on the pumping rate of the water. When measuring the Na-naphthionate concentration,
physico-chemical parameters such as pH, redox potential and electrical conductivity were also measured. It
would be preferable to pump out groundwater until the concentration of the Na-naphthionate drops below
0.1 mg I"', however, owing to time and budget constraints for borehole investigations, pumping was
stopped and sampled groundwater was analysed for major constituents, various isotopes (H, He, O, C and
Cl), dissolved gases and microbes.

Table 4.3.2-1 Groundwater sampling in boreholes

Borehole Interval depth Formation® Tracgr Total vqum_e extract_ed / pH EC . K*’; H'
[mbgl] [mg ] packed-off interval [litre] [mS m7] [ms™] [mbgl]
HDB-1 548.00-563.19 Wk 1.4 (14%) 1093 / 305 6.9 2560 3.29x10"  -0.70
HDB-2 344.90-404.90 Wk 0.9 (9%) 1738/ 1176 7.9 1490 3.50x10°  -43.00
HDB-3 160.45-200.45 Kt 2.1 (21%) 4140/ 771 6.7 3490 3.35x10® -1.37
HDB-4 218.45-236.53 Wk 1.1 (11%) 13102/ 437 7.5 313 1.41x10° 3.28
281.45-299.53 Wk 0.4 (4%) 11812 /437 7.8 430 9.35x10° -8.87
371.90-406.43 Wk 0.6 (6%) 4200/ 753 7.0 1582 5.36x107  -11.07
407.90-520.00 Wk 0.7 (7%) 7800 / 2487 7.0 1681 3.14x10°® -9.85
HDB-5 154.05-180.46 Wk 0.2 (2%) 1176 /572 8.5 39.5 6.47x107  -18.00
182.05-250.46 Wk 0.3 (3%) 17524 / 1507 8.3 845 8.48x107  -20.04
331.22-402.23 Wk 0.5 (5%) 6240/ 1565 7.0 1301 4.39x10°  -11.49
HDB-6 280.95-312.00 Wk 0.8 (8%) 17006 / 597 7.3 1199 1.83x10° -7.58
363.95-409.00 Wk 0.6 (6%) 55325 /872 6.9 1966 1.64x10° -7.62
HDB-8 57.50-89.05 Kt 3.7 (37%) 1228 / 639 8.0 209 9.54x10° 7.38
168.01-184.06 Wk 1.5 (15%) 39420/ 320 7.6 370 2.86x10° 6.80
HDB-9 25.50-82.60 Wk 0.3 (3%) 4049/3138 6.1 15.8  5.00x107 22.47
216.90-257.50 Wk 1.6 (16%) 19409/ 765 6.9 1239 1.50x10° 20.31
HDB-10 41.33-59.88 Kt 2.6 (26%) 4813/ 364 8.0 209 2.53x107 0.62
445.84-469.89 Wk 0.8 (8%) 7445 | 465 6.8 2510 2.44x107 -5.22
HDB-11 171.00-237.05 Kt 5.5 (55%) 2770/ 1420 7.0 1147 2.07x10° -0.14
606.00-644.05 Wk 0.9 (9%) 17586 / 755 6.2 3796 2.26x10°® -5.57

*Wk: Wakkanai Formation, Kt: Koetoi Formation; *K: Hydraulic conductivity
H: Hydraulic head; hydraulic parameters shown in detail in Table 4.2.3-4

2) Squeezing and analysis of porewater chemistries

Porewater was extracted from the core, obtained during borehole drilling, by the squeezing method'®”.
Since the quantity of the squeezed porewater was limited, i.e. a few to a few tens of millilitres, an analysis
was conducted for only some of the major constituents and isotopes of H and O. As discussed in
Subsection 4.7.3, significantly high SO,4* concentrations were observed in the porewater from boreholes
HDB-1 and HDB-2. This was considered to be due to oxidation of sulphides in the cores, as the squeezing
operation occurred a few weeks after the cores were sampled. In order to avoid the chemical disturbance
caused by oxidation, soon after the cores were obtained, a photograph was taken and geological
observations were made immediately after sampling. The cores were then waxed for storage and transport
and porewater was finally squeezed in the laboratory (Figure 4.3.2-1). As well as minimising the time from
core sampling to squeezing, the squeezing was conducted for some cores in a glove-box filled with inert

gas.
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Figure 4.3.2-1 Sealing of core sample in wax for porewater squeezing

3) Chemical and mineralogical analyses of cores
Chemical (major constituents and rare earth elements) and mineral compositions of the rocks were

analysed using cores to acquire input data for the hydrochemical analysis discussed later.

The results of investigations in boreholes HDB-1 and HDB-2 indicate that Na-Cl type groundwater with
high mineralisation is present in the zone deeper than 300 m from the ground surface in the Wakkanai and

Koetoi Formations®®*”,

Based on the results described above, a concept for hydrochemical characteristics was developed for the
groundwater in and around the URL area; Na-HCO; type groundwater with low mineralisation is
distributed in the shallower subsurface and Na-Cl type groundwater with high mineralisation is found in
the deeper formations.

4.3.3 Surface-based investigations in and around the URL area

(1) Investigation aims and method

In this investigation stage, data on hydrochemical characteristics were obtained mainly by investigations in
deep boreholes HDB-3 to HDB-11 and data on surface water, such as precipitation and river water, were
also obtained. During investigations in boreholes HDB-3, HDB-4 and HDB-5, data on hydrochemical
characteristics were obtained with the aim of confirming and improving the applicability of investigation
techniques using boreholes (i.e. techniques for groundwater sampling and squeezing porewater) and
constructing the conceptual model for the distribution of groundwater chemistries. For the investigations in
boreholes HDB-6 to HDB-11, data were collected with a view to improving the conceptualisation of the
geological environmental properties established using the results of the investigations in boreholes HDB-3,
HDB-4 and HDB-5. Finally, using all the data obtained, a 3D distribution of groundwater chemistries in
and around the URL area was predicted and hydrochemical evolution processes were discussed. Through
these investigations and analyses, the investigation techniques for hydrochemical characteristics of the
groundwater were established for the sedimentary formations.

(2) Shallow subsurface hydrochemical investigations
These investigations cover rain water, river water and groundwater in shallow subsurface (to a depth of
tens of metres from the ground surface). Rain and river water were sampled, analysed and monitored in the

context of surface hydrology as discussed in Section 4.2. Rain water was collected in sampling bottles each
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month and the average water chemistry for the month concerned was measured. During the winter period,
snow fall over a month was collected, dissolved in an airtight container at room temperature and analysed.
River water was collected and analysed once a month. Groundwater in the shallow subsurface was pumped
from existing wells in Horonobe Town and analysed®”. The regular collection and analysis of rain water,
river water and groundwater from shallow subsurface allowed clarification of the variation of chemical and
isotopic compositions of the waters (Figure 4.3.3-1).

The chemical composition of rain water showed a seasonal change; rain water during the winter (i.e. snow
fall) shows higher salinity while that from the other seasons less salinity; this trend has been observed
almost every year. The chemistry of river water was the same as the average for Hokkaido'"". A general
trend was observed whereby the salinity was higher during periods when the river surfaces are frozen in
winter and lower during the period when snow melts in spring. The above findings were used to establish

upper boundary conditions for the hydrochemical model discussed later.
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Figure 4.3.3-1 Chemistry of river water and precipitation

(3) Borehole investigations

For the deep borehole investigations, groundwater was sampled in combination with hydraulic packer tests.
Groundwater samples were collected from a total of 18 sections from boreholes except HDB-2 (Table
4.3.2-1). Porewater was extracted from cores using the method described above and then analysed.

The hydrochemical study using data from deep borehole investigations was divided into two stages
according to the interpretation of the investigation results: a study using data from investigations in
boreholes HDB-1, HDB-3, HDB-4 and HDB-5 and those from all the boreholes (HDB-1 to HDB-11).

It was found that, in boreholes HDB-1 and HDB-3, Na-Cl type groundwater with high mineralisation is
present from a depth of approximately 200 m, while in boreholes HDB-4 and HDB-5 Na-HCO; type
groundwater with low mineralisation is present to a depth of 300 m and Na-Cl type with high
mineralisation in the formations deeper than 300 m (Figure 4.3.3-2). The variation in groundwater
chemistry between boreholes might possibly be attributed to differences in the hydraulic conductivity of
the rocks. The measurements of H and O isotopes showed that the Na-HCO; type groundwater is abundant
in light isotopes (8D of approximately -70%o, 8'*0 of approximately -10%o), while the Na-Cl type
groundwater is abundant in heavy isotopes (8D of approximately -10%o, 8'°O of approximately +2%o) as
shown in Figure 4.3.3-3.
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Analysis of the stable H and O isotopes in the groundwater samples from boreholes HDB-1, HDB-2 and
HDB-3, after correcting the influence of current surface water, showed that 6D and 880 were lower than

respectively. This suggests that groundwater recharge occurred during a period being colder than the
present and also the depths where precipitation was recharged in the past and present were different,
implying that the transition between glacial and interglacial periods, for example, could have been
recorded. For depths at which infiltration occurs, a good correlation was found between the amount of
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Described below are data obtained in boreholes HDB-6 to HDB-11 (Appendix 2) and the findings on the
hydrochemical characteristics of the groundwater in the Wakkanai and Koetoi Formations.

1) Major chemistry of groundwater

The groundwater and porewater chemistries are shown in Tables 4.3.3-1 and 4.3.3-2 and Figure 4.3.3-4,
indicating that the Na-HCO; type groundwater is distributed in the shallower subsurface, while Na-Cl type
groundwater is found in deeper formations. The depth where the groundwater changes from the Na-HCO;

type to Na-Cl type varies for each borehole, which would be attributed to differences in rock permeability.

A significantly high SO,* concentration was observed in some porewater samples. This could be due to
sulphide in the cores being oxidised and dissolved as sulphate during the core storage and/or the core
squeezing process.

The pH measured for the groundwater pumped from the boreholes and squeezed porewater was
approximately 7-8. The redox potential measured in situ at 606.00-644.15 m depth in borehole HDB-11
(in the Wakkanai Formation) was approximately -170 mV.

Table 4.3.3-1 Major chemical and isotopic compositions of groundwater pumped from boreholes

Borehole (HDB) 1 2 3 4 4 4 4 5 5 5 6 6 8 8 9 9 10 10 1" 1"
Sampling 548.00 334.90 160.50 218.45 281.45 37190 407.90 154.05 182.05 331.22 280.95 363.95 57.50 168.01 2550 216.90 41.33 44584 171.00 606.00

depth [Mbgl] 56319 404.90 20045 236.53 299.53 40643 52000 180.46 250.46 402.23 312.00 409.00 89.05 184.06 8260 257.50 59.88 469.89 237.05 644.05
Formation* Wk Wk Kt Wk Wk Wk Wk Wk Wk Wk Wk Wk Kt Wk Wk Wk Kt Wk Kt Wk

pH 6.9 7.9 6.7 7.5 7.8 7.0 7.0 8.5 8.3 7.0 7.3 6.9 8.0 7.6 6.1 6.9 7.2 6.8 7.0 6.2
EC [mS m'1] 2560 1490 3490 313 430 1582 1681 395 845 1301 1199 1966 209 370 15.8 1239 1067 2510 1147 3796
Tracer [mgl 14 09 21 11 04 06 07 02 03 05 08 06 37 15 03 16 26 08 55 09
Na* [mg |'1] 5140 3120 6900 730 880 3500 3700 86 180 2900 2460 4220 367 787 22 4200 2300 5000 3300 6600
K* mgl" 170 51 320 17 21 54 59 40 54 46 77 110 18 31 18 59 110 160 160 140
Ca® [mgl" 180 24 220 14 23 94 95 091 22 99 690 140 12 12 39 84 67 97 40 250
Mg® [mgl 120 36 210 54 99 53 56 045 096 46 43 110 57 78 11 59 55 140 84 170
Mn®*  [mgl 041 051 001 nm* 001 nm 003 001 001 003 003 0.02 0 001 nm nm nm nm 002 0.01
Si [mg |'1] 49 45 27 nm 20 nm 23 20 19 20 24 24 20 20 21 22 26 25 26 27
SFe  [mgl™ 290 nm 019 nm 005 nm 011 011 013 250 004 004 004 005 002 004 002 003 002 004
AP [mg I'1] <0.1 <0.1 nd*** nm nd nm 0.02 nd 0.1 0.4 0.02 <0.01 0.06 0.02 0.01 <0.01 0.06 <0.01 <0.01 <0.01

F mgl"l <01 <04 nd nm 02 nm 04 04 04 02 <01 02 01 <01 <01 02 03 <01 <01 0.1
cr [mgl"] 7500 4180 11600 630 820 4300 4600 16 67 3250 3050 6300 200 390 14 5100 2400 8100 5100 10000
Br mgl"l <01 19 99 nm 29 nmnm 19 01 02 10 11 45 <1 10 <01 33 26 83 42 78
r mgll 16 12 41 ntm nd nm 16 nd nd 13 9 17 <1 <1 <1 15 10 33 16 29
NO;y [mgl] <01 <01 04 nm nd nm 02 nd nd 06 01 01 05 05 <01 <0.1 105 03 01

NOy [mg I"] 0.18 <01 nd nm 0.9 nm nd nd nd 0.1 nm nm nm nm <0.1 <01 <01 <01 <01 <01
SO [mgl'l 967 24 38 46 03 17 70 05 22 68 59 02 23 11 10 6.9 104 1 <02
HCO; [mgl'] 2155 2120 2463 1123 1184 2600 2610 240 410 2640 41 41 41 41 47 3200 3600 1100 1410 2200
Cco>  [mglM - - 60.0 - - - - - -
TOC [mgl 10 44 52 nm 16 nm 42 3 5 30 130 63 25 13 2 9 3 20 19 31

TIC [mgl"l 390 400 530 nm 250 nm 570 50 86 580 390 510 170 300 9 630 640 320 260 450
H [TU] 1.4 nm 1.2 nm <04 nm nm nm nm nm <04 <04 16 <04 27 <04 <04 <04 0.8 <03
D %) -20 29 27 nm 66 nm -21 70 71 36 -56 -37 -72 70 -71 35 -61.4 -423 -461 -242
5% %] 12 04 15 nm 90 nm 05 -107 -108 -1.3 5 -06 -104 -88 -1 01 -64 -19 36 35
®eier x10™"] 3.3 - 09 - 71 - 17 80 70 54 22 - 56 12 172 31 07 21 25 29

*Wk: Wakkanai Formation, Kt: Koetoi Formation; **nm: not measured; ***nd: not detected
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Table 4.3.3-2 Major chemical and isotopic compositions of porewaters

Borehole (HDB)

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

Sampling 54;00 1053,30 13(1,00 16{,03 222~,70 271,23 311~.10 3451,00 38(1,00 40(1,05 443~,00 4551,00 493~,00 51{,00 5451,00 5565,05 597~,35 6053,70 64{1,20 70{,15
depth [mbgl] 5600 11160 131.00 16592 22400 273.93 312.00 346.00 381.00 401.00 44400 456.00 494.00 51500 546.00 556.80 598.00 610.00 650.00 705.00
Formation* Kt Kt Kt Kt Kt Kt Kt Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk

pH - - - - - - - - - - - - - - - - - - - -
EC [mSm'] 203 378 507 - - - 1084 - 1212 1234 1454 - - 1759 - 1436 - 5923 - 5486
Na* [mgl'] 690 1500 1700 2000 3700 2700 4400 3000 5100 5400 5800 5000 6600 6200 6100 5900 7700 9900 6300 11000
K* [mgl'l 97 130 140 110 190 150 200 120 150 180 190 160 340 120 170 120 330 180 170 190
ca® [mgl'l 220 110 97 59 380 72 150 68 280 290 230 140 316 140 61 180 430 560 210 510
Mg® [mgl"l 98 52 36 35 180 54 100 56 150 200 180 110 190 150 84 140 260 890 140 1000
cr [mgl"] 100 300 600 2000 2000 3400 5000 4100 5300 5300 6900 8100 9700 9500 10000 8700 9700 9400 10400 9700
S0, [mgl'] 2200 3100 3200 2200 7200 2200 3400 1900 5300 6000 4000 800 3200 1200 900 1700 4800 13100 300 14500
HCO; [mg I - - - - - - - - - - - - - - - - - - - -
Cco>  [mglM - - - - - - - - - - - - - - - - - - - -
TOC  [mgl’] - - - - - - - - - - - - - - - - - - - -
TIC [mg 1" - - - - - - - - - - - - - - - - - - - -
3D [%] -66.0 -68.0 -66.0 - 520 - -380 - -320 -30.0 -27.0 - - 200 - 270 - 4190 - 4190
5'°0 ] -97 91 -83 - 50 - 14 - 02 06 14 - - 28 - 08 - 28 - 36
Borehole (HDB) 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

Sampling 45;00 1281.00 151~.UO 20{.00 2541.00 29(1.00 35(1.00 40(1.90 40(1.15 415.59 4541.00 49&3.00 5341.75 5941.00 62(1.00 65%69 6751.00 6881.00 6951.00 7181.50
depth [mbgl] 4590 130.00 157.84 205.90 255.00 290.82 351.29 401.75 401.75 413.69 464.12 499.80 543.99 594.85 624.00 654.80 676.00 689.00 696.00 719.85
Formation* Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk

pH - - - - - - - - - - - - - - - - - - - -
EC [mSm"] 252 753 - 1860 - 2047 - 1809 - 1534 - 1054 - 2099 2066 - 1935 - 2239 -
Na*  [mgl"] 500 1700 1600 5500 4300 6300 3300 5500 4000 5200 6100 2400 2600 6000 6600 3100 7300 2800 7400 2700
K* mgl7 21 46 80 9 50 120 120 98 130 80 130 27 40 12 22 100 77 30 140 40
Cca® [mgl'] 28 8 87 450 280 400 13 440 71 440 - 39 50 500 490 100 44 54 410 63
Mg [mgl'] 24 39 30 250 96 310 47 200 39 170 - 13 17 180 220 27 250 13 260 16
cr [mgl"] 610 740 1900 3300 4400 3500 4100 3000 5800 3000 8300 2700 3400 3100 2900 3600 2500 3500 2400 3400
SO.# [mgl'] 520 2700 1100 9000 4700 10300 2100 9700 1800 9100 1800 1200 1100 10100 11600 2300 14000 960 15000 990
HCO; [mg "] - - - - - - - - - - - - - - - - - - - -
Cco>  [mglM - - - - - - - - - - - - - - - - - - - -
TOC  [mgl’] - - - - - - - - - - - - - - - - - - - -
TIC [mg I - - - - - - - - - - - - - - - - - - - -
3D [%] -70.0 -57.0 - -180 - 200 - 230 - 230 - 250 - 220 -220 - 250 - 280 -
5'°0 [%] -10.3 -6.6 - 09 - 17 - 07 - 05 - 02 - 09 07 - 02 - 05 -
Borehole (HDB) 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4

Sampling 22;12 1041.09 155~.20 156~.20 229~.30 2741.30 326~.00 3711.00 425~.20 500~.10 28;93 96;73 159~.40 166~.78 2241.00 2741.25 3241.00 377~.00 426~.00 4741.00
depth [mbgl] 23.00 106.00 155.99 156.90 229.92 274.90 327.00 373.70 426.00 501.00 30.65 97.55 160.20 168.00 224.75 275.00 325.00 377.90 426.75 474.90
Formation* Kt Kt Kt Kt Kt Kt Kt Kt Kt Wk Kt Kt Wk Wk Wk Wk Wk Wk Wk Wk

pH - - - - - - - - - - - - - - - - - - - -
EC [mSm’] - - - - - - - - - - - - - - - - - - - -
Na* [mgl'] 850 6000 6500 7600 6200 6600 7100 6800 6500 6600 39 500 1200 1900 770 1200 1700 2800 3500 3300
K* [mgl'] 68 370 360 480 350 340 430 310 220 280 13 38 45 73 31 30 27 39 49 51
ca® [mgl'l 57 150 170 200 75 250 520 280 230 260 7 15 95 300 12 51 51 98 40 18
Mg [mgl'] 36 150 180 190 160 190 290 230 260 220 5 11 56 190 10 34 15 78 66 53
cr [mg "] 1100 9900 11000 13000 10000 11000 12000 11000 11000 11000 35 140 160 120 600 530 1600 3300 4400 4700
SO [mgl'] 420 880 290 800 500 1100 1800 1700 1100 1300 90 980 2800 5400 810 2000 1500 1900 1600 600
HCO; [mgl'l 200 50 10 10 5 10 5 10 10 10 0 20 10 10 40 20 10 10 10 10
Ccos”  [mgl] - - - - - - - - - - - - - - - - - - - -
TOC [mgl™ - - - - - - - - - - - - - - - - - - - -
TIC [mg ™ - - - - - - - - - - - - - - - - - - - -
3D [%] -64.0 -32.0 -27.0 -25.0 -26.0 -26.0 -23.0 -23.0 -21.0 -23.0 -67.0 -680 -64.0 -66.0 -67.0 -650 -60.0 -36.0 -28.0 -25.0
5'°0 %] -89 05 13 26 17 19 23 26 22 26 -103 -97 -89 -96 -89 80 -70 -11 05 18
Borehole (HDB) 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 7

Sampling 27;51 60;19 12{,56 17{,15 225:,00 27{2,20 32{,18 373~,25 426500 473~,10 78;00 135:,00 27&3,41 39{,30 44(1,00 492~,28 547~,00 60(1,03 61(1,70 41;50
depth [mbgl] 2800 6134 12536 174.80 225.80 279.00 325.00 373.95 42690 474.00 7830 13530 279.89 394.52 44050 492.50 547.48 600.33 61100 41.72
Formation* Kt Kt Wk Wk Wk Wk Wk Wk Wk Wk Kt Kt Wk Wk Wk Wk Wk Wk Wk Yo

pH - - - - - - - - - - 81 82 83 83 85 80 83 83 81 87
EC [mSm"] - - - - - - - - - - - - - - - - - - - -
Na® [mgl'] 100 92 200 520 630 1600 1800 2400 3900 3400 3400 2500 1800 4100 5244 5200 8205 6400 8591 880
K* mgl"] 28 15 14 24 19 53 43 36 72 66 160 120 59 74 81 48 135 67 127 42
ca®* [mgl"l 220 150 360 27 26 100 27 32 73 19 81 53 43 160 144 120 123 84 329 89
Mg* [mgl] 90 56 150 24 13 53 35 64 95 60 57 33 27 120 111 170 216 190 240 7
cr mgl'] 77 66 72 68 130 1100 1900 3700 4400 4800 4600 2500 1800 5900 7717 8300 11808 9700 12035 130
S0 [mgl'l] 960 650 1800 1100 1200 2300 1300 190 2600 780 830 800 710 1200 32 610 1546 79 1934 430
HCO; [mgl"l 3 3 10 50 5 30 20 30 20 20 1600 2100 1500 1200 1039 900 363 1100 667 2100
Ccos&  [mglM - - - - - - - - - - 500 500 500 500 220 500 120 500 88 500
TOC  [mglM - - - - - - - - - - 100 100 100 100 56 200 - 100 63 100
TIC [mg I"] - - - - - - - - - — 400 400 300 300 262 300 - 300 119 500
3D [%] -66.0 -67.0 -67.0 -65.0 -69.0 -58.0 -48.0 -31.0 -20.0 -19.0 -36.0 -440 -550 -36.0 -27.0 -24.0 - 200 - 630
5'°0 %] -98 -100 99 96 -99 -63 -46 -04 16 19 -14 -24 -61 -04 10 22 - 34 - 98

*Wk: Wakkanai Formation, Kt: Koetoi Formation, Yc: Yuchi Formation
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Table 4.3.3-2 Major chemical and isotopic compositions of porewaters (continued)

Borehole (HDB) 7 7 7 7 7 7 7 8 8 8 8 8 8 8 9 9 9 9 9 9
Sampling 1 31~.00 32(1.36 343~.29 39&2.80 442~. 10 4963 13 506338 63;00 1 01~.73 283~.64 34£1.20 40(1.57 44&3.04 465~.25 36;22 54;95 78;00 1 51~. 10 1 9&3.75 222~.00
depth [mbgl] 13126 32067 34355 399.00 442.30 496.36 509.90 6330 10200 284.00 34470 401.00 449.24 46542 3645 5523 7850 15142 199.00 222.25
Formation* Yc  Yec Yo Kt Kt Kt Kt Kt Kt Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk Wk
pH 85 85 84 83 82 83 81 83 82 85 83 83 86 79 75 78 75 82 81 -
EC [mSmT] - - - - - - - - - - - - - - 45 220 510 1100 - -
Na* [mgl"] 2600 9300 10613 9100 10508 9000 10002 660 860 3600 4232 4000 4645 5170 55 290 1100 2300 4134 -
K" [mgl"l 170 420 518 470 474 480 439 40 38 60 72 46 1 68 58 18 21 2 51 -
ca® [mgl'l 25 57 84 120 149 100 163 22 29 52 109 68 128 212 1 36 52 34 87 -
Mg®* [mgl'l 33 190 168 170 193 160 175 13 17 87 76 100 82 130 M 29 34 23 46 -
cr [mgI'] 1200 15000 16037 14000 15577 14000 14171 330 260 4600 5573 5500 6815 6567 28 180 180 2100 5421 -
S0, [mgl'] 3000 140 417 490 20 1200 33 490 1200 770 17 500 10 2125 100 370 1900 360 5 -
HCO; [mgl'] 1900 2800 2644 3200 3096 2400 3231 900 1000 1300 1755 900 877 640 47 290 530 1600 2801 -
Cos® [mgl'] 500 500 366 500 293 500 235 500 500 500 134 500 214 8 01 09 08 11 150 -
TOC [mgl" 100 100 119 100 123 100 120 100 100 100 64 100 77 59 63 20 42 64 <24 -
TIC [mgl"] 400 600 606 700 661 500 661 200 200 400 363 300 217 116 10 59 110 330 597 -
8D [%] -60.0 -19.0 -200 -18.0 -140 -17.0 -150 -71.0 -70.0 -31.0 - 180 -25.0 - 650 -67.1 -68.8 -56.1 -324 -29.9
5% P -75 27 29 28 39 28 38 -101 -92 03 - 22 04 - 95 -98 -95 -58 -03 16
Borehole (HDB) 9 9 9 9 10 10 10 10 10 10 10 10 10 10 10 10 10 10 M 1
Sampling 251~.70 341.68 45(1.62 51(1.67 32;76 43;70 59;10 1481.65 1951.65 24&3.68 3U1~.00 3551.00 391.40 441.00 46(1.46 4841.80 5051.50 5481.00 30;60 49;64
depth [mbgl] 252.00 348.00 457.00 517.00 33.00 44.00 59.30 149.00 195.85 250.00 301.34 355.20 397.70 447.35 466.71 485.00 506.00 548.50 31.00 49.87
Formation* Wk Wk Wk Wk Kt Kt Kt Kt Kt Kt Wk Wk Wk Wk Wk Wk Wk Wk Kt Kt
pH 85 88 84 81 83 84 77 84 82 82 84 - 81 82 78 83 85 83 84 82
EC [mSm'] 2100 2900 2600 2500 800 1100 1100 1300 - 1700 1500 - - 2600 2200 — 1800 2300 640 820
Na®  [mgl"] 4600 6300 5400 5400 1800 2700 2400 2900 3484 3600 3100 — 4301 5100 4300 3529 4000 4600 1400 1600
K* mgl'] 38 23 38 12 88 116 130 138 193 154 140 - 118 98 58 82 38 50 92 42
ca® [mgl'l 59 58 62 23 48 63 59 41 66 66 82 - 213 84 160 105 41 93 68 60
Mg [mgl'] 64 8 58 72 34 50 45 29 38 41 46 - 13 140 10 593 86 120 29 28
cr [mgl"] 5700 8600 7100 7000 1700 2900 2000 3000 4224 4500 4200 — 7064 7400 6300 5608 5500 6700 1400 1700
sO,> [mgl"l 120 1400 430 2000 380 320 2800 490 104 170 1300 - 119 110 1700 27.9 870 1500 84 220
HCO; [mgI"] 2000 1000 1800 1000 1800 2200 380 2200 3606 2000 580 - 1535 980 240 1275 560 320 1500 1400
co® [mgl'l 29 12 22 12 18 27 04 26 0 14 19 - 103 69 07 12 82 32 18 10
TOC [mgl] 60 20 32 20 53 56 51 59 <24 45 23 - M 83 39 259 27 42 39 52
TIC [mgl'] 400 210 360 200 370 450 79 440 723 410 120 - 307 200 50 251 110 64 300 290
3D %] -27.6 -19.1 -20.4 -233 -62.0 -55.3 -60.1 -49.8 -44.5 -47.2 -57.9 -63.4 - 372 426 - 438 -325 -63.9 -63.5
5'°0 %] 10 44 20 28 -70 -58 -62 -45 30 -38 -58 -7.3 - 24 21 - 21 11 72 -69
Borehole (HDB) 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Sampling 99;40 114~.09 13{.20 171~.65 251.10 271.75 300~.36 332~.50 388~.62 421.13 448~.70 498~.00 547~.51 572~.80 599~.05 64{.81 7011.50 722~.00 748~.60 800~.73
depth [mbgl] 99.72 11430 134.45 171.85 251.45 272.00 300.56 332.70 388.82 421.35 449.00 498.39 548.00 573.00 599.50 645.00 704.00 722.39 748.38 801.00
Formation* Kt Kt Kt Kt Kt Kt Kt Kt Kt Kt Kt Wk Wk Wk Wk Wk Wk Wk Wk Wk
pH 88 81 82 79 82 79 81 79 79 82 85 B84 84 82 79 84 82 80 78 81
EC [mSmT] 1300 - 2220 2500 3320 — 2800 2600 2400 - 2660 2800 2900 — 2800 2900 2700 — 2700 2700
Na®  [mgl"] 3000 3497 4200 5400 6500 6338 5800 5500 4800 5067 5000 5600 6400 6696 6800 6200 6400 6720 6400 6600
K* [mgl"] 150 180 180 230 270 279 200 170 120 162 140 66 71 124 100 31 54 87 70 34
ca® [mgl'l] 58 806 84 150 150 259 190 160 79 143 170 63 42 232 280 49 88 72 200 210
Mg [mgl"l 63 60.1 71 120 140 154 130 120 110 965 130 150 150 158 240 150 150 136 150 130
cr [mgl"] 3200 4793 5600 7600 9800 10131 8700 7700 6500 7126 6930 8500 9700 10957 9200 9400 9700 10145 8300 9500
SO+ [mgl'l] 180 86.8 220 730 750 6.64 260 340 210 145 1750 590 190 7.76 3300 680 700 7 2400 830
HCO; [mgl"] 2100 3160 1900 1600 940 2928 1400 1700 1700 2088 870 550 1000 1163 360 620 430 1707 440 480
co” [mgl"l 67 0 14 6 66 0 6 7 7 188 13 7 13 150 14 8 3 0 14 2
TOC [mgl"] 71 169 57 170 42 190 49 33 16 564 34 24 40 <24 52 44 65 30 99 100
TIC [mgl'l] 420 581 390 320 190 492 290 340 340 382 170 110 210 246 72 130 8 301 90 99
3D %] -53.0 -46.4 -40.4 -357 -224 -187 -30.1 -31.9 -356 - 296 -29.0 -26.3 - 201 -236 -23.1 - 203 -24.0
5'°0 %] -47 35 -19 02 23 30 11 08 -02 - 02 17 20 - 26 33 35 - 33 35
Borehole (HDB) 11 1 11 11 1
Sampling 852~.80 871~.00 901~.30 95[1.00 99{.00
depth [mbgl] g5300 871.60 901.70 950.20 994.35
Formation* Wk Wk Wk Wk Wk
pH 87 83 86 80 86
EC [mSm'] 2500 - 2600 2700 3000
Na*  [mgl'] 5600 6624 5900 6200 6900
K" mgll 20 658 20 37 20
ca®  [mglM 71 244 58 150 100
Mg®  [mgl" 100 117 120 100 110
cr [mgl"] 8300 10838 8500 8700 9800
SO, [mgl"l 140 229 150 740 550
HCO; [mgl'] 790 1270 730 800 590
CO*  [mglM 18 155 13 37 1
TOC [mgl'] 110 80 10 120 110
TIC [mgl"l 160 228 150 160 120
8D [%s] -29.0 - 285 -249 -276
50 ] 1.7 - 23 20 29

*Wk: Wakkanai Formation, Kt: Koetoi Formation, Yc: Yuchi Formation
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2) Origin of groundwater

The origin of the groundwater was estimated by determining ratios of stable isotopes (8D and '0) for the
groundwater and the porewater (Figure 4.3.3-5). The groundwater in the shallower subsurface is abundant
in both light H and O isotopes (8D of -90 — -60%o, 3'°0 of -11 — -10%o), while that in the deeper formations
is abundant in heavy isotopes (8D of -30 — -20%o, 5'°O of +2 — +3%o). Mixing of these two types of
groundwater could thus be one of the evolution processes for the present groundwater.

It is known for the groundwater in shallower subsurface that the water chemistry was formed by the
ion-exchange reaction of Na" and H" between the liquid phase (recharged with precipitation) and the solid
phase (clay minerals in rocks, such as smectite), with evidence that the pH increases with an increasing
Na/Cl concentration ratio in the groundwater*”. This is consistent with the results from the measurement of
the H and O isotopes described above.

The salinity of the deep groundwater is about 1/3—1/2 that of present seawater, with high 8'°0 values of +2
— +3%o. The origin of the deep groundwater may be the fossil seawater. However, it cannot simply be
explained by mixing with water originating from meteoric water. A groundwater evolution process with

this feature would be mixing of fluids released in association with diagenesis'®®.

These results and discussion would suggest that mixing and water-rock reactions are the major processes
determining the groundwater chemistry in the Wakkanai and Koetoi Formations.

Surface water

Porewater
HDB-1 ® HDB-5 HDB-9
HDB-2 HDB-6 © HDB-10
® HDB-3 HDB-7 © HDB-11
® HDB-4 © HDB-8
Groundwater
1 HDB-1: 548.00-563.19 mbgl
2 HDB-2: 344.90-404.90 mbgl
3 HDB-3: 160.50-200.45 mbgl
4 HDB-4: 281.45-299.53 mbgl
5 HDB-4: 407.90-520.00 mbgl
6
7
8
9

3D [%]

HDB-5: 154.05-180.46 mbgl
HDB-5: 182.05-250.46 mbgl
HDB-5: 331.22-402.23 mbgl
HDB-6: 280.95-312.00 mbgl
10 HDB-8: 57.50-89.05 mbgl
11 HDB-8: 168.01-184.06 mbgl
12 HDB-9: 25.50-82.60 mbgl
13 HDB-8: 216.90-257.50 mbgl
14 HDB-10: 41.33-59.88 mbal
15 HDB-10: 445.84-469.89 mbgl
16 HDB-11: 171.00-237.05 mbgl
17 HDB-11: 606.00-644.05 mbgl

50 [%o]
Figure 4.3.3-5 8D vs 8'%0 for surface water, porewater and groundwater from all boreholes in and
around the URL area

3) Residence time of groundwater

The residence time of groundwater was estimated by measuring radioisotopes (3H, c, *%Cl, *He and 4He).
Based on existing information, it was assumed that the origin of the groundwater in the Wakkanai and
Koetoi Formations was likely to be fossil seawater and, considering the rock formation age, the residence
time of the groundwater in the area would be in the order of one million years. This means that *H and '*C
with relatively short half-lives might not be useful for estimating the residence time. The results of the
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measurement of *H and '*C in the groundwater samples showed a *H concentration of less than the lower
the detection limit and *C with a very low concentration of a few pMC (percent modern carbon) for
almost all the samples'*. These facts indicate that the age of the groundwater in the area is 50,000 years or
younger. However, the possibility that the '*C measured here could have originated from oil in the drilling
mud or used for lubricating drilling tools cannot be ruled out.

The *CI ratios (36C1/C1) were as low as 1 x 10™* for groundwater at almost all depths. The 36CI/CI of the
river water in Horonobe Town was (30-70) x 107, The residence time, calculated based on assumption
that the *°CI/Cl at the time of recharge of the groundwater had the ratio of river water and that *°Cl decayed
through radioactive decay, is in the order of one million years. The ratio of *°Cl estimated based on the
amount of *°Cl produced in the subsurface, which is based on the neutron flux density estimated from the
content of the U and Th in the rocks, is about 10 x 10™°. Approximately three million years is necessary for
CI/C1 in the groundwater to reach 10 x 10™° (radioactive equilibrium). Taking all the above into
consideration, the residence time of the groundwater is considered to be in the order of a few million years.
However, it is pointed out that the residence time cannot be estimated in the field where mixing of water
chemistry is a major groundwater evolution procesleS). Since mixing was considered to be one of the main
processes determining the groundwater chemistry in the Wakkanai and Koetoi Formations, the residence
time estimated based on the **Cl/Cl ratio should be treated in the light of the limitations of the method.

The He concentration in the groundwater was 10°-107 cm® STP gwater'l, which is two orders of magnitude
higher than that dissolved in the groundwater (4.8 X 10® cm® STP gwater'l) in equilibrium with air. In the
case where an excessive amount of He compared to that at equilibrium with air is produced by a-decay of
U and Th in the rock, the residence time would be estimated to be a few million years. This confirms the
result of the groundwater flow analysis which was conducted separately.

These discussions above suggest that, for estimating the residence time of the groundwater, it is necessary
to acquire and compare data on numbers of radioisotopes, variations in water quality and the groundwater

evolution processes.

4) Colloids, organics and microbes in groundwater

The types and quantities of colloids, organics and microbes in the groundwater could vary depending on
water chemistry (e.g. salinity). Because of the limited time available for the borehole investigations, the
contamination of the groundwater samples by the drilling mud was as high as a few to a few tens of %,
which was not low enough to acquire high quality information on colloids, organics and microbes. To
obtain high quality data on colloids, organics and microbes is one of key research topics for the
investigations in Phase II and/or Phase III. Preliminary data collection was conducted to evaluate the
applicability of basic techniques, including analysis methods.

The total organic carbon concentration in the groundwater was in the range of a few to a few tens of mg I
and no clear relationship with the concentration of the principal components was observed. Characterising
the properties of organics (mainly humic substances) both in the shallower and deeper groundwaters
revealed that the molecular weight distribution of humic substances may be different for the two

106
groundwaters'®.
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With regard to microbes in the groundwater, measurements of the total numbers of bacteria and a genetic
analysis were conducted for some water samples collected from the boreholes. The total bacteria number
was in the range 10°-10° m I'' and trend was not observed that indicates reduction in the bacteria numbers
with increasing depth. The ratio between cell division and total number of bacteria (activity index) was a
maximum of 5.63% at 280.95-312.00 m depth in borehole HDB-6 (boundary between the Wakkanai
Formation and the Koetoi Formation). DNA analysis of the groundwater at the above depth showed that
Gamma-proteobacteria, particularly those related to the Pseudomonas group, were dominant. This could
support the high activity index observed'’”. The hydraulic conductivity for this interval was in the order of
10° ms™, which was one or two orders of magnitude higher than that for other sections in the borehole
HDB-6. These data suggest a potential relationship between the occurrence and activity of the microbes in
the groundwater and the permeability of the rocks or groundwater flow.

For organics and microbes in the groundwater, preliminary data collection and confirmation of the
applicability of conventional and improved analysis methods for groundwater samples were conducted. In
the investigations in Phase II and/or Phase 111, it will be necessary to accumulate information on the impact
on solute transport by collecting groundwater samples under controlled conditions and acquiring data on
colloids, organics and microbes.

5) Chemical and mineral compositions of rocks
The major chemistry in the Wakkanai and Koetoi Formations includes Si (approximately 70 wt%), Al

(approximately 10 wt%) and Fe (III) (approximately 2 wt%)>°.

Based on the results of microscopic observations, electron microscopic observations and X-ray diffraction
analysis*”, the typical minerals that constitute the Wakkanai and Koetoi Formations were identified as
silica minerals (opal CT/opal A) and some quartz, feldspar, clay minerals (kaolinite, smectite, illite,
chlorite), pyrite and carbonate minerals (siderite, magnesite). However, there is a large difference in the
silica mineral phase between the Wakkanai Formation and the Koetoi Formation; the Wakkanai Formation
is constituted mainly of opal CT, which was formed by the burial and diagenesis of diatom remains
(opal A), while the Koetoi Formation does not contain opal CT. The depth of the boundary between the
two in each borehole is defined by the difference in the silica mineral phases described above.

4.3.4 Hydrochemical modelling

(1) Estimation of distribution of groundwater chemistry

The distribution of groundwater chemistries was estimated from the data obtained in each investigation
stage (Figure 4.3.4-1). The inverse distance weighting method included in the Tecplot ver. 10 software was
used for the estimation. To the east of the Omagari Fault, groundwater with low mineralisation was found
in deeper formations, while in the west, groundwater with high mineralisation was found in the shallower
formations. This finding is consistent with the resistivity distribution estimated by the geophysical survey
(see Section 4.1). Since the resistivity distribution represents the salinity of the groundwater'®, the
estimated result for the distribution of the groundwater is considered to roughly represent the distribution
of water chemistry in and around the URL area.

Iterating the data acquisition and modelling and applying two or more investigation methods for the same
area would be effective for improving confidence in the investigation and modelling approaches.
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Figure 4.3.4-1 Progress in estimation of 3D distribution of groundwater chemistries

a: Data from borehole HDB-1 only; b: Data from boreholes HDB-1and HDB-3 to HDB-5
c: Data from boreholes HDB-1and HDB-3 to HDB-8

(2) Analysis with the M3 method

1) Overview of the M3 method

The groundwater chemistry in the Horonobe area could have been formed from a number of different
sources such as river water and fossil seawater. The M3 (multivariate, mixing and mass balance)
method'®""'? is a technique for identifying water chemistry types (reference waters) of different origin and
calculating the mixing ratio of the reference waters using the multivariate analysis technique. It also
provides an estimate of generated/lost quantities of components owing to chemical reactions such as
rock — water interaction, based on the difference between the calculated concentration of components in
the complete mixture and the actually measured concentration of the components (mass balance

calculation). The following three steps are taken in the M3 method' !
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o  Step 1: Analysis of principal components
The distribution of water chemistries is expressed visually as a principal component analysis plot and
reference waters in the area concerned (end-member of the groundwater chemistry) are identified.
Generally, it covers principal components such as CI, SO4~, HCO5, Na', Ca®" and Mg*", as well as
isotopes such as “H, H and '"O. The principal components are calculated by a linear equation
multiplying predictor variants (concentrations of components) by some weighting factors. The water
chemistry data plotted inside the polygonal shape in the analysis chart can be interpreted based on

mixing of reference waters and chemical reactions.

e  Step 2: Calculation of mixing ratio
The mixing ratio of reference waters is calculated for the data of groundwater chemistries. The mixing
ratio can be obtained by the distance between the groundwater and the reference water in the principal
component analysis. For the 2D analysis (where the secondary components are also included), a

mixing ratio can be obtained for up to three reference waters.

o  Step 3: Calculation of mass balance
Once the calculated value using the above mixing ratio matches with the actual measured value, the
components can be explained using a complete mixing model. The difference between the calculated
and actually measured values can be explained by errors due to uncertainties and/or production/loss

caused by chemical reactions.

2) Analytical results

i) Data used for the analyses

The data for groundwater (water pumped from boreholes and porewater squeezed from cores), river water
and seawater, those that contain data on the six principal components (Na*, K", Mg®", Ca*", CI" and SO,%)
were used in the analyses. As a principal component analysis using the porewater could lead to false
conclusions, i.e. the aforementioned SO4* concentration might be included in the principal components,

the water chemistry data for the groundwater were therefore used for the analyses.

ii) Principal component analysis
The results of principal component analysis are shown in Figure 4.3.4-2 (top). All data were plotted on the
straight line connecting two end-members (river water, groundwater from the interval of 160.50-200.45 m

depth in borehole HDB-3). It was found that there was no need to use seawater as an end-member.

iii) Calculation of the mixing ratio
The distribution of the mixing ratios calculated based on the results of the principal component analysis is
shown in Figure 4.3.4-2 (middle).

iv) Calculation of mass balance

The concentration of principal components estimated based on the mixing ratio calculated assuming
mixing of the above two end-members and the measured concentration were compared (Figure 4.3.4-2,
bottom). The estimated Na' concentration, among the reactive elements, was smaller than the measured

one. This indicates that Na was added by rock — water interaction.
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Figure 4.3.4-2 Results of analysis with M3 method

Top: Results of principal component analysis; Middle: Distribution of estimated mixing ratios of deep groundwater
Bottom: Comparison of calculated and measured concentrations of principal components; After Shimo et al.?”
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4.4 Rock mechanical investigations

4.4.1 Aims

The main goals of the rock mechanical investigations in Phase I were to clarify the rock mechanical
properties of the geological environment and to establish methodology for evaluating the impact on the
tunnel near-field of the underground facilities. More specifically the aims of the investigations were:

® to acquire information on rock mechanical properties from near-surface to deep subsurface for the
selection of a URL area and a URL site;
to acquire the data necessary for designing the underground facilities;
to estimate the mechanical impact of constructing the underground facilities on the tunnel near-field.

It is thus necessary to enhance confidence in the investigation techniques applied and the modelling and
analyses performed in Phase I through investigations during tunnel excavation (Phase II).

4.4.2 Surface-based investigations covering the whole Horonobe Town area

(1) Investigation aims and methods

The geological environment has more or less site-specific characteristics and hence there is no standard
investigation technique for acquiring information. The basic approach for investigations aimed at
improving understanding in this area is iterative development of a field concept, formulation of an
investigation plan based on the developed concept, implementation of the plan and evaluation of the
investigation results. Taking the above into account, in this investigation phase a programme was

formulated to achieve the aims described in Subsection 4.4.1, based on existing information.

(2) Integration of existing information

The sedimentary rocks to be characterised are the Neogene sedimentary formations, based on the
requirements relating to distribution of formations for the URL site as shown in Subsection 3.1.1. A
geological structure was predicted in which rocks with almost identical properties are continuously
distributed horizontally. The Koetoi Formation has been assumed to consist of mechanically fragile
mudstones, based on the results of laboratory tests on cores from the D-1 borehole®”. Based on the existing
information, the concepts for mechanical properties were initially assumed as below:

o Neogene sedimentary formations form a porous continuum with relatively homogeneous properties
and a wide horizontal extent. The rigidity of the rock is classified as ‘soft’ in an engineering sense.

o Because the rocks are soft, fractures formed by diastrophism are not easily opened and they are
smaller compared to those in crystalline rock. In addition, information exists on the hardness of these
sedimentary rocks, which has been obtained by geophysical logging and is similar to results obtained
from laboratory tests''". Therefore, the differences between the properties of the in situ rock mass,
including fractures, and those of rock samples are relatively small.

o As mudstones generally consist of clay minerals, there is a concern that rocks may be influenced by
increased pressures owing to clay swelling during excavation. Also, deterioration of the rocks around

the tunnel caused, for example, by slaking could occur.

The basic principles for planning the investigation programme were formulated as follows, considering the
URL site selection process:

a) Data should be obtained so that the features of the geological structure can be compared and the
relationships between them defined. Because the rock properties can be considered to be equivalent to
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the properties of rock cores determined in laboratory tests if the rocks are relatively soft and
homogeneous and the influence of fractures on the mechanical properties of the in situ rock mass are
relatively small, the mechanical properties of widely extending rock bodies can be evaluated using
limited data.

b) The rocks may be deformed both upwards and downwards owing to the influence of folding, thereby
having heterogeneous mechanical properties. Data should therefore be obtained with a frequency that
allows assessment of properties on the minimum scale required to realise the specified aims.

¢) The investigation programme must be formulated taking into account the progress in a stepwise site
selection process, as well as individually examining the data requirements in each selection step.

d) Because of the relatively short investigation cycle (execution of investigations — analysis/assessment
of the results — planning for subsequent years), i.e. as short as one year, the basic approach to the
investigations should be a qualitative assessment cycle: conceptualisation of the rock mechanical
properties — planning of the investigation programme based on the concept — implementation of the
programme and evaluation of the results — refinement of the initial concept. Quantitative modelling
should be made at the stage when the mechanical impact of tunnel excavation will be predicted.

For principle (a), data obtained continuously from near-surface to deep subsurface using a method such as
geophysical logging were compared with point data on physical and mechanical properties obtained by
laboratory tests and geological structures. The modelling/analysis scale for achieving the aims of this
investigation was smaller than that for other types of investigations, such as the hydrogeological
investigations. From the viewpoint of evaluating mechanical impact, the diameter of the tunnels to be

excavated in the underground facilities should be a measure for determining the scale.

For principle (b), at the start of the investigations, a scale of approximately 50 m in diameter was regarded
as the minimum for the investigations and data were to be obtained from more than one location on this

scale, given the diameter of the tunnel (5 m) for a repository in soft rock described in the H12 report''?.

For principle (c), before selection of the URL site in the investigation stage in/around the URL area, data
collection and evaluation should be focussed on clarifying 3D mechanical features in the URL area; after
selection of the site, the data required for designing the underground facilities should be the focus.

For principle (d), since the testing of the conceptual model has to be completed in a single year, the
evaluation was conducted using data primarily from laboratory tests, except triaxial compression tests, and
geophysical logging (e.g. density logging) in a borehole, which could be obtained quickly but reflecting the
rock mechanical properties of the sedimentary formations of interest.

Evaluation of the rock mechanical behaviour of the tunnel near-field during excavation is necessary from
the viewpoint of designing the underground facilities and predicting the impact during tunnel excavation.
This requires information on the in situ stress conditions as well as the rock properties. It was decided to
conduct minimal measurements to acquire information on changes in stress with depth and the principal
stress ratio in this investigation, given that the influence of the rock properties and fractures on the stress
field was assumed to be small and the installation of casing would be inevitable for protecting the borehole

wall during investigations, since the rocks were soft down to a range of a few hundred metres depth.

The effect of long-term rock behaviour on the EBS will be characterised in R&D on geological disposal
technology and relevant data therefore need to be obtained. Since there were no standard methods for
evaluating the long-term behaviour, laboratory testing methods (triaxial creep test, uniaxial creep test,

uniaxial compression test with changing strain rate) were used to study long-term rock behaviour.
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(3) Investigations before selection of the URL area

Rock mechanical investigations were conducted for selection of the URL area using boreholes HDB-1 and
HDB-2 (both 720 m depth). Based on the principles described in Subsection 4.4.2, physical and
mechanical properties were measured by laboratory tests using standardised domestic and international
methods based on the International Society for Rock Mechanics (ISRM) guidelines and JIS, in order to
evaluate various properties of the Neogene sedimentary rocks in and around the URL area and to compare
the results with data on properties of Neogene sedimentary rocks found in other areas of Japan. Specific
test targets include density, specific weight, effective porosity, elastic wave velocity, uniaxial and triaxial
compression and Brazilian tests, which were planned so as to evaluate the engineering characteristics
(confined compression dependence and anisotropy caused by the sedimentary structure) generally shown
by soft sedimentary rocks''®. Laboratory tests were also conducted separately to evaluate the swelling and
slaking characteristics of the rocks described above using standard methods.

In situ stress is measured, in principle, by in situ measurements which are now considered to be highly
reliable. The in situ stress measurement was also attempted on core samples from soft sedimentary rocks
for the case where the in situ test cannot be conducted owing to borehole breakout and its applicability was
evaluated. The hydraulic fracturing method was used as the in situ measurement method because the
boreholes in question are vertical deep boreholes and are always filled with water and the vertical
downward direction can be considered as one of principal stress directions as found in the existing
measurement cases' . The acoustic emission (AE) method developed in JAEA Tono Geoscience Center

was employed as a stress measurement method for core samples.

The depth profiles of the physical and mechanical properties of sedimentary rocks characterised in
boreholes HDB-1 and HDB-2 are shown in Figure 4.4.2-1. In borehole HDB-1, the rock physical (i.e.
density, effective porosity) and mechanical properties (elasticity modulus, uniaxial compressive strength
and tensile splitting strength) tend to increase with depth, while for borehole HDB-2 no such clear trend
was recognised. The results of measurements of mechanical properties of the Wakkanai Formation were
1.41-6.35 GPa for the elasticity modulus (Esp), 8.9-34.9 MPa for the uniaxial compressive strength and
0.168-0.337 for Poisson’s ratio; those for the Koetoi Formation were 0.38-1.03 GPa, 1.44-9.80 MPa and
0.220-0.467 respectively. This means that, in an engineering sense, rocks classified as soft sedimentary
rock are found down to approximately 700 m in depth. The tensile splitting strength was approximately
1/10 of the uniaxial compressive strength in both the Wakkanai and Koetoi Formations. Figure 4.4.2-2
shows the comparison between the physical and mechanical properties of Neogene sedimentary rocks

15 and those obtained in

(mudstones and tuff) distributed throughout Japan as identified in the H12 report
boreholes HDB-1 and HDB-2. The physical and mechanical properties (except for effective porosity) of
the rocks near boreholes HDB-1 and HDB-2 were within the variation range of properties of Neogene
mudstones and tuff found throughout Japan and the mode value of the properties was also approximately
the same. The effective porosities were within the range of variability, but were relatively higher, with

34.9-51.9% for the Wakkanai Formation and 52.2—65.2% for the Koetoi Formation.
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Figure 4.4.2-1 Distribution of rock physical properties characterised in boreholes
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The comparison between data on elastic velocity measured for the rock mass by geophysical logging and
for the rock cores is shown in Figure 4.4.2-3. Although the elastic velocity for the crystalline rock obtained
from geophysical logging was smaller than that for the cores''”, data obtained by geophysical logging and
by core measurement for the Wakkanai and Koetoi Formations are very consistent. In addition, local
changes in the velocities during geophysical logging were smaller, compared to those in the crystalline
rocks. This could be due to differences in nature between crystalline rocks and soft sedimentary rocks; the
crystalline rocks form larger-scale fractures with rigid faces that are easily opened by displacement

whereas soft sedimentary rocks form smaller-scale fractures that are not easily opened.

From these results, the concepts for mechanical properties, which were assumed before the investigations,
were confirmed to be appropriate; the rocks would constitute a porous continuum and could be classified
as soft rock in an engineering sense and the influence of fractures in the rock mass on the mechanical

properties would be small.

Contrary to the assumption before the investigations, rocks down to a depth of 700 m from the ground
surface in boreholes HDB-1 and HDB-2 showed little swelling and the slake durability was also high''”.
This means that both the Wakkanai and Koetoi Formations contain small amounts of smectite, but not so
much as to affect the characteristics of these formations. Thus, for the rocks around boreholes HDB-1 and
HDB-2, deterioration of rock properties, caused by squeezing during tunnel excavation, and the repetition

of drying and wetting cycles over a short period of time would be unlikely.

The results of the in situ stress measurements are shown in Figure 4.4.2-4. Although the initial plan
included tests at three depth levels in boreholes HDB-1 and HDB-2, tests were conducted at only two
depth levels, since the stress measurement system applied was not suitable for measurement in the drilling
mud and the device often became jammed. However, since borehole breakout occurred continuously in the
section at approximately 400 m and deeper in borehole HDB-1 and locally in borehole HDB-2, an attempt
was made to use the phenomenon in estimating the in situ stress and the direction of the principal stress in
the horizontal plane.

Although the number of measurements was small, the direction of the major principal stress in the
horizontal plane would be almost constant in an E-W direction at a depth of 300-700 m, given the
estimates based on borehole breakout. This direction is consistent with the strain direction of the maximum

) The minimum

horizontal compression obtained from the analysis of the seismic ground motion
principal stress in the horizontal plane was estimated to be almost equal to the estimated overburden
pressure and the major principal stress was estimated to be higher than the minimum principal stress by a
factor of about 1.2—1.3. In the rocks around borehole HDB-2, the depth profile of the principal stress was
very similar to that in borehole HDB-1, but the principal stress direction in the horizontal plane was not
constant. One of the reasons for this could be the fact that borehole HDB-2 is located close to the Omagari
Fault identified at the surface and borehole was drilled in an area where changes in stress caused by fault

activity might still occur.
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4.4.3 Surface-based investigations in and around the URL area

(1) Investigations prior to selection of the URL site

The results of geophysical logging and laboratory tests during investigations in boreholes HDB-3, HDB-4
and HDB-5 in the URL area are shown in Figure 4.4.3-1, in conjunction with the investigation results from
boreholes HDB-1 and HDB-2. Borehole HDB-3 was located on the west side of the inferred location of the
Omagari Fault in the URL area and boreholes HDB-4 and HDB-5 on the east side, as shown in Subsection
3.5.2 and Appendix 2, the aim being to acquire information on the geological environment on both sides of
the fault. The same investigation methods and items as for boreholes HDB-1 and HDB-2 were used for the
investigations in these boreholes so that the data obtained could be directly compared with the results from
borehole HDB-1. The applicability of the investigation methods, other than the hydraulic fracturing, to the
formations distributed throughout the URL area (the Wakkanai and Koetoi Formations; see Appendix 5)
was confirmed by the investigation results in boreholes HDB-1 and HDB-2.

Figure 4.4.3-1 indicates that the rocks around each borehole have features in common with the rocks
around borehole HDB-1 drilled before the selection of the URL area in that the investigation results show
the same trend of physical properties increasing in strength, P-wave, density etc. with increasing depth.
The results of geophysical logging and laboratory tests are almost consistent and physical properties
change significantly at certain points. With regard to the distribution of properties, it was found that the
rocks in and around the URL area could be classified into three major zones within a range down to 700 m
depth. These three zones, classified on the basis of rock quality, correspond, in descending order, to
diatomaceous mudstones, the transition zone from diatomaceous mudstones to siliceous mudstones and

siliceous mudstones.

Taking the above findings into consideration, the results of geophysical logging and laboratory tests
compared with the results from borehole HDB-1 as reference values are shown in Figure 4.4.3-2. It can be
seen from this figure that the depth profiles of the physical and mechanical properties of sedimentary rocks
in and around the URL area are uniform when fault-slip such as from the Omagari Fault is adjusted. The
depth profiles of the rock physical and mechanical properties investigated in the boreholes on the same
side of the Omagari Fault (i.e. HDB-1 and HDB-3 on the west side; HDB-4 and HDB-5 on the east side)
are almost the same with depth. Comparing with the profiles on either side of the fault, the profiles are
almost the same by correcting fault-slip (about 200 m). Hence the 3D distribution of the rock properties
can be estimated taking the geological structure into account.

The results of the in situ stress measurements for each borehole are shown in Figure 4.4.3-3. The stress
measurement system used was the hydraulic fracturing method that can be used even in drilling mud and is
unlikely to become jammed. This method was used for the measurements in boreholes HDB-3, HDB-4 and
HDB-5. The depths for the measurements were similar to those for the stress measurements in borehole
HDB-1, to allow comparison of the stress conditions between the east and west sides of the fault. When
comparing the maximum/minimum principal stress in the horizontal plane measured for each borehole,
those in boreholes HDB-1 and HDB-3, located on the west side of the fault, were slightly higher than those
for boreholes HDB-4 and HDB-5. The direction of the maximum principal stress was mostly in an E-W
direction, whatever the side of the fault. The reason for this could be the influence of the regional stress

field, with a maximum principal stress axis in the horizontal plane in an E-W direction.
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Figure 4.4.3-1 Comparison in physical and mechanical properties of sedimentary rocks
between the west and east sides of the Omagari Fault
West side of the fault. HDB-1 and HDB-3; East side of the fault: HDB-2, HDB-4 and HDB-5
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Figure 4.4.3-3 Measured and estimated principal stresses and directions with depth in
boreholes HDB-1 to HDB-5

(2) Investigations after selection of the URL site

During the investigations in boreholes HDB-6, HDB-7 and HDB-8 after selection of the URL site, various
tests were conducted focussing on borehole HDB-6, which is located nearest to the URL site, to acquire
data necessary for designing the underground facilities. More specifically, in situ borehole expansion tests
were conducted to clarify the influence of fractures on the mechanical behaviour of the in situ rock mass;
this had been identified as one of the subjects to be investigated at the start of the design of the
underground facilities. The number of triaxial compression tests and in situ stress measurements was also
increased. A borehole expansion test device which can be applied down to a depth of approximately 500 m
was not available in Japan and an isobaric loading type testing device made by Solexperts AG, Switzerland
was therefore used'"”. Although boreholes HDB-7 and HDB-8 were well away from the URL site and
investigations and tests were not necessary from the viewpoint of obtaining data for designing the
underground facilities and evaluating excavation damage, laboratory tests were nevertheless conducted in
order to acquire supplementary data for clarifying the geological structure because it is hard to distinguish
the Wakkanai Formation and the Koetoi Formation by core observation only. The methods and items for
the laboratory tests before and after selection of the URL site were the same, allowing the data to be

compared.
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Various physical properties obtained from the laboratory tests and geophysical logging in borehole HDB-6
is shown also in Figure 4.4.3-2, compared with those for HDB-1 to HDB-5. This figure indicates that the
physical properties of the rocks around borehole HDB-6 and their depth profile are almost the same as
those obtained from the investigations in boreholes HDB-1 to HDB-5. According to the results of borehole
expansion test shown in Figure 4.4.3-4, the rigidity of the in situ rock mass without fractures in the
Wakkanai Formation at low stress levels corresponds more or less to the elasticity modulus obtained from
the uniaxial compression tests under non-confined compression. With an increase in the stress level, the
rigidity becomes close to the dynamic elasticity modulus obtained from the velocity logging, or close to
the rigidity that corresponds to the minimum deformation of the rocks under confined compression. The
rigidity of the in situ rock mass without fractures in the Wakkanai Formation can thus be estimated from
the results of the uniaxial compression tests and geophysical logging. Even in the fractured zone of the
Wakkanai Formation, a decrease in rigidity owing to fractures was not observed. From the above results, it
can be concluded that the influence of fractures on the rigidity of the in situ rock mass in the Wakkanai
Formation is small. In the Koetoi Formation, the dynamic elasticity modulus obtained by velocity logging
was larger than that obtained from the borehole expansion and laboratory tests and a difference in rigidity
was observed between the in situ rock mass with and without fractures. The larger dynamic modulus of
elasticity is owing to larger S-wave velocity obtained from the results of the velocity logging than that in
the laboratory tests. The cause is currently unknown. With regard to the Koetoi Formation, the rocks near
the location of the borehole expansion test may have been in an almost failed condition owing to the
effects of potential fractures generated in association with the formation of the minor fault zones
distributed along the fold structure as described in Subsection 4.1.4.

Borehole HDB-8 was drilled near the inferred location of the Omagari Fault and was initially expected to
cross the fault. However, core observation indicated no fracture zone corresponding to the Omagari Fault
in the borehole and depth profiles of rock properties did not show any gaps or repetitions that may be
caused by the fault (Figure 4.4.3-2). The borehole was thus not considered to cross the fault. The depth
profiles of the rock physical and mechanical properties measured in borehole the HDB-7, which was
drilled primarily in the sandstone of the Yuchi Formation, showed different features from those of rocks in
the other boreholes (Figure 4.4.3-5). Specifically, there was almost no change in the physical properties
with depth and the density was higher but the mechanical properties were smaller than for the Koetoi
Formation. In the zone deeper than 400 m in borehole HDB-7, a transition zone from the Yuchi Formation
to the Koetoi Formation was observed.

The results of the measurements of in situ stresses in boreholes HDB-1, HDB-3 and HDB-6, located to the
west of the Omagari Fault, are shown in Figure 4.4.3-6. In borehole HDB-6, the in situ stress of the Koetoi
Formation that had not been obtained in the previous borehole investigations was measured. The figure
indicates that the direction of the maximum principal stress in the horizontal plane of the rocks located on
the west side of the Omagari Fault was approximately E-W from the surface down to a depth of
approximately 700 m. It also indicates that the minimum principal stress in the horizontal plane was
similar to the estimated overburden pressure and the maximum principal stresses were within the range of
1.5 times the minimum principal stress. Although there are few data for the Koetoi Formation, the stress
conditions measured in the horizontal plane could be more isotropic than those of the Wakkanai Formation.
One of the reasons for this could be the large difference in the rigidity of the rocks of the Wakkanai
Formation compared with that of the Koetoi Formation. It was found that, in general, the in situ stress
conditions in and around the URL area are not significantly different from those measured for rocks with

0

similar densities in other parts of Japan'*”, as shown in Figure 4.4.3-7.
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The last borehole investigation campaign in Phase I was in boreholes HDB-9, HDB-10 and HDB-11. Since
these boreholes are located near the boundary of the URL area, laboratory tests to acquire supplementary
data for evaluation of the geological structure as well as isotropic compaction tests to acquire data
necessary for modelling rock mechanics were conducted, as was the case in boreholes HDB-7 and HDB-8§.

The results of the geophysical logging and the laboratory tests in borehole HDB-11 are shown also in
Figure 4.4.3-2, in conjunction with those in boreholes HDB-1, HDB-3 and HDB-6; all these boreholes
were drilled to the west of the Omagari Fault. Down to a depth of 1,000 m, similar trends were observed.
The rocks can be classified into three zones based on their physical properties. In the isotropic compaction
tests, the yield phenomenon due to the isotropic pressure was not seen even under a high pressure of
40 MPa (approximately three times the operating in situ stress) in the Wakkanai Formation. The
Mohr — Coulomb type yield standard would therefore be applicable for the modelling and analysis of the
rocks in the Wakkanai Formation. The rocks in the Koetoi Formation were plasticised at an isotropic

pressure of approximately 10 MPa.

A similar comparison was made for the investigation results in boreholes HDB-9 and HDB-10. Some
different trends were seen compared to the results for boreholes HDB-1, HDB-3, HDB-6 and HDB-11.
Specifically, the distribution of physical properties in borehole HDB-9 was considered to be similar to that
for borehole HDB-2, as shown in Figure 4.4.3-8. The reason for this could be that both boreholes HDB-2
and HDB-9 are located relatively near to the inferred surface location of the Omagari Fault and show the
direct effects of large-scale deformation (e.g. vertical displacement) generated by fault activity. In addition,
changes in rock physical and mechanical properties in the shallower zone (50-250 m in depth) in borehole
HDB-10 were similar to those for the transition zone from the Yuchi Formation to the Koetoi Formation
around the bottom (350—550 m in depth) of HDB-7 (Figure 4.4.3-8).

The results of the in situ stress measurements in boreholes HDB-11 are shown also in Figure 4.4.3-6,
compared with those in boreholes HDB-1, HDB-3 and HDB-6. These in situ stress measurements were
also conducted to obtain data from ZONE 2 (see Figure 4.4.4-11 in Section 4.4), where physical properties
change sharply and fewer data have been obtained, and the zone deeper than 500 m where there were very
little measured data for the sedimentary rocks. The results of the measurements showed that the linear
depth-dependent trend was the same as in the results previously obtained, but the relationship between
maximum/minimum principal stresses in the horizontal plane and the estimated overburden pressure were
different from the previous results in the zone deeper than 500 m. Specifically, the estimated overburden
pressures were larger than the maximum/minimum principal stresses, which indicates normal fault-type
stress conditions. The direction of the maximum principal stress was consistently in an E-W direction from
near-surface to approximately 1,000 m depth, which was the same as the previous results. In borehole
HDB-11, borehole breakout was found in the zone deeper than 300 m, as was the case in boreholes HDB-1,
HDB-3 and HDB-6, and the estimated direction of the maximum principal stress was E-W. The reason for
the changes in the relationship between the estimated overburden pressure and maximum/minimum
principal stresses at around 500 m depth is unknown at this point. In situ stress measurements were also
conducted in borehole HDB-9 and resulted in the same trends as the previous measurements. Therefore, it
is unlikely that the in situ stress field near the Omagari Fault was changed owing to the presence of the
fault.
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4.4.4 Rock mechanical modelling

Rock mechanical models and mechanical analyses for geological disposal have to be developed for design,
construction, operation and closure of the repository and evaluation of post-closure behaviour of the
repository system over the long-term. Specifically, it is necessary to consider the following aspects:

o  Design, construction and operation

Designing tunnel support is one of the most important aspects in the design of a disposal facility. For
designing tunnel support, the stability of cavities will have to be evaluated analytically. In this case,
the period to be covered in the evaluation will be the operational period of the repository (several
decades), which is not so different from the operating period of URL constructed in the fields of
resource engineering and civil engineering. Considering only the construction and operation of the
repository, evaluating the stability of rocks outside the support infrastructure (e.g. the extent of the
plastic zone) will not be so important, as long as the stability of the ultimately designed support can
be maintained. However, for the design and safety assessment of plugs, a cavity stability analysis and
an evaluation of the extent of the excavation damaged zone (EDZ) and its properties will be required.

e Closure

Although it depends on the particular closure concept, in the case where a repository is backfilled,
leaving the tunnel supports as they are, re-analysis of the cavity stability at this time would not be
necessary. However, in the case where the repository is backfilled concurrently with the removal of
the tunnel supports, re-analysis of the cavity stability will be required for the conditions that
reproduce the backfilling situation. This is not only for ensuring the safety of the operational work but
also for analysing the stability of the backfill material immediately after construction, because the
EDZ associated with construction and operation may lose stability and change significantly in terms
of its extent and characteristics.

In the case where plugs are to be installed, a design that will achieve the plugs’ main objective —
sealing off the groundwater flow through the EDZ — and an analysis for evaluating mechanical
stability for installing key zones in the existing tunnels would also be required. The period of
evaluation in this case would be the lifetime of the engineered barriers or longer.

e  Post-closure
Re-evaluation of the mechanical stability of the cavities would be required only in the case where
emplaced waste packages were to be retrieved.

The details of the modelling and mechanical analyses in Phase I were defined in the light of the relevance
of the mechanical analysis for an actual repository programme as described above:

a) estimating the extent and characteristics of the EDZ in Phases II and III, based on the URL design;
b) evaluating the long-term stability of the EDZ formed during Phases II and III.

The Horonobe URL project started with investigations covering the whole Horonobe Town area, followed
by the selection of a URL site for constructing the URL during the surface-based investigations. Before
selecting the URL site and finalising the URL design, major efforts were thus focussed on planning the
investigation programme and developing the conceptual models required for evaluating the investigation
results; detailed predictive analysis was not conducted until the information required for predicting the
impact of constructing the underground facilities was fixed. The above item (a) will thus be discussed in
detail in Subsection 4.6.3 and the rock mechanical modelling and analyses are overviewed here.
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(1) Before selection of the URL area

The conceptual rock mechanical model for the sedimentary formations around borehole HDB-1 is shown
in Figure 4.4.4-1. As stated in Subsection 4.4.3, it was predicted that the Neogene sedimentary rocks to be
characterised (i.e. the Wakkanai and Koetoi Formations) have the strength and deformation characteristics
of soft rock and there is a zone at intermediate depth between the Wakkanai and Koetoi Formations
(approximately 300—500 m) where the physical characteristics change sharply. Such change, however, is
not discontinuous as seen in crystalline rocks, but continuous through the Wakkanai and Koetoi Formations.
These characteristics were considered as being important for the mechanical modelling and were thus
reflected in the conceptual model. However, since information on the dependence of the properties on
confined compression, which is a feature of soft sedimentary rock, was insufficient, the data volume
should be increased in the next investigation phase.

The study for the modelling and analysis described in the item (b) mentioned above was initiated at this
point. Specifically, a triaxial creep test using rock cores was carried out and existing information was
collected and reviewed in order to select the method for evaluating the long-term stability of the EDZ.
Findings in this study include that the results of the creep tests using rock cores can be reproduced by the
conventional classic rheology model (Figure 4.4.4-2), important knowledge for the evaluation of long-term
stability has been gained (peak strength will be equal to residual strength on a very long-term basis) and
creep destruction will not occur under a creep loading stress less than the residual stress'?". Based on these
findings, a scenario for evaluating the effects of long-term rock behaviour on the engineered barriers in the
period from construction to after backfilling was established (Figure 4.4.4-3).

Since the mechanical properties of the rocks making up the Wakkanai and Koetoi Formations are classified
as those of soft rock, the deformation that would be caused during tunnel excavation was estimated to be
large (a few tens of millimetres), given that the proposed depth of the URL is 500 m. Therefore, the finite
difference analysis code FLAC® (Itasca, USA) was used for the numerical analysis; this code allows
accurate simulation of deformations from small to large scale and has been applied extensively both
domestically and internationally. In the triaxial compression tests, a large excessive porewater pressure was
observed in the test specimens even when loading was at a very slow velocity and under drainage
conditions, despite the rocks having a very high effective porosity (Figure 4.4.4-4). This could affect the
evaluation of the mechanical stability of the tunnel near-field.

Small —¥ Large Ground surface
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' ! Physical properties Mechanical Properties
ZONE 1 \ { | Unit weight: small Deformability/strength
‘u ]" Effective porosity: large low
| I
A\ 4
% ot Unit weight
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. a9 X ormability/s gt
Z-OHE 2 raltx Effective porosity: low—high
’ \ large—small
‘I A
1 1
| |
: '1 Unit weight: large Deformability/strength
I' | | Effective porosity: small high
Changes in rock

properties with depth

» No large difference in the depth profile of rock properties is assumed on the same side of the Omagari Fault.
» ZONE 1 and ZONE 3 correspond to diatomaceous mudstones and siliceous mudstones respectively.

Figure 4.4.4-1 First rock mechanical conceptual model based on the results
of investigations in boreholes HDB-1 and HDB-2
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Figure 4.4.4-2 Conventional model applied and fitted curve for the multi-stage creep test
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Figure 4.4.4-4 Results of triaxial compression test with drained conditions and very low strain rate
Core specimen from 304.15 to 304.63 m depth in borehole HDB-2
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(2) Before selection of the URL site

The results of investigation in boreholes HDB-3, HDB-4 and HDB-5 were available at this point in the
project and provided additional information on the distribution of rock properties and in situ stresses in and
around the URL area. Specifically, the information obtained from the results of the investigations in these
boreholes includes the following: the physical and mechanical properties of rocks on both sides of the
Omagari Fault could be explained by simply reflecting the differences in the geological structure and the
geology on the west of the fault consisted of three different zones in terms of physical properties. Based on

this additional information, the conceptual model was revised as shown in Figure 4.4.4-5.

Conceptualisation of rock properties with depth in and around the URL area
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« ZONE 1 is thin and the ZONE 1-ZONE 2 boundary is not clear on the east side of the Omagari Fault.

Figure 4.4.4-5 Second rock mechanical conceptual model based the results of
investigations in boreholes HDB-1 to HDB-5

The results of the triaxial compression tests in borehole HDB-3 provided information on the dependence of
mechanical behaviour of the rocks constituting the Wakkanai and Koetoi Formations on the confined
compression. Specifically, the rocks in the Wakkanai Formation showed strain softening behaviour within
the range of applied confined compression (approximately twice the estimated overburden pressure),
whereas the rocks in the Koetoi Formation changed deformation behaviour within the above stress levels
(showing strain softening behaviour under the low confined compression but close to elastic-perfectly
plastic behaviour under high confined compression)'*?, as shown in Figure 4.4.4-6. In particular, the test
samples from the Koetoi Formation under high confined compression did not generate a definite shear
surface after destruction (Figure 4.4.4-7). This would be an important finding in evaluating the physical
properties of the EDZ. At the stage when these triaxial compression test results were compiled, the
Mohr — Coulomb type failure criteria had been considered to be applicable to the rocks in the Wakkanai
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and Koetoi Formations, but the application resulted in a difference in the apparent cohesion, depending on
whether or not there was drainage from the inside of the rocks associated with the deformation (Figure
4.4.4-8). The internal friction angles at the time of peak strength were different depending on the drainage
conditions, with approximately 6° (only at the peak time) for siliceous mudstone and approximately 4° for
the diatomaceous mudstone, respectively (Figure 4.4.4-8). Laboratory tests were also conducted to acquire
parameter values for the coupled hydro-mechanical analysis, in order to investigate the effects of the
excessive porewater pressure which was seen during the laboratory tests using cores on the mechanical
behaviour of the rocks around the tunnels and on the stability of the tunnel support.
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Figure 4.4.4-6 Stress-strain relationship of triaxial compression tests on borehole HDB-3 cores
Left. Diatomaceous mudstone; Right: Siliceous mudstone; Axial strain measured by external displacement meter
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Figure 4.4.4-7 Triaxial compression tests on diatomaceous mudstone specimens
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Figure 4.4.4-8 Estimation of parameters for the Mohr — Coulomb failure criteria

Based on the above test results, numerical analyses considering the influence of the excessive porewater
pressure (during tunnel opening) and strain softening behaviour (after tunnel opening) were conducted for
the period extending from the time of tunnel opening to after tunnel closure. Regarding the influence of
excessive porewater pressure (Analysis-I), modelling and analysis were carried out considering the
technical specifications for tunnel support based on the data from boreholes HDB-3, HDB-4 and HDB-5
and also considering the construction process for the underground facilities (Figure 4.4.4-9). The analysis
results of the Analysis-I indicated that the coupled hydro-mechanical processes in the tunnel near-field
assumed to occur immediately after excavation would not have a significant influence on the surrounding
rock and the stability of the tunnel support (Figure 4.4.4-9).

Results
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Figure 4.4.4-9 Model and simulation results for hydro-mechanical coupled phenomena
Analysis carried out for siliceous mudstone
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For the analysis of the stability of the tunnel near-field during opening (Analysis-II), taking strain softening
behaviour into consideration, analyses and assessments of the Analysis-II were conducted focussing on the
time-dependent behaviour of rocks for the period from immediately after excavation (Analysis-1la), when
no tunnel support is installed, to the time when the tunnel support is constructed, and on the influence of
long-term rock behaviour on the backfill materials (Analysis-1Ib) (Table 4.4.4-1). The parameters for the
Analysis-Ila were determined by a simulation based on the results of the triaxial creep tests. The result
indicates that rocks would not be unstable even without the support. The analysis results of the
Analysis-IIb indicated that deformation of the backfill material might occur beyond failure strain
especially on shear strain (Figure 4.4.4-10). The methodology used for the Analysis-IIb would be most
effective for designing the backfill.

Table 4.4.4-1 Assumptions and scenarios for the numerical simulation of long-term rock behaviour
associated with tunnel excavation and its impact on backfill materials

(a) Assumption of parameters for backfills

) . o Densit Young’'s modulus | Poisson’s ratio | Cohesion | Friction angle
Backfill materials Constitutive law B k R o
kg ma}]/ [kN m”] [] [kN m”] [°]
Crushed diatomaceous | g\, g, nerfect plastic 846 1,975 0.2 9.4 28.8
mudstone + Bentonite P P ’ ’ ' ’
Crushed siliceous .
mudstone + Bentonite Elasto-perfect plastic 1,081 5,153 0.3 17.3 32.6
(b) Assumption of parameters for rock mass
Depth [mbg] Constitutive law Elastic modulus Strength Residual strength Dilation angle
Eso [MPa] Vso C [MPa] 2 [°] Cr [MPa] or [°] (U]
250 (diatomaceous | gy i oftening 520 | 0050 | 259 147 | 0492 30.7 40
mudstone)
500 (siliceous Strain-softening | 1,350 | 0.272 | 297 324 | 0451 33.2 40
mudstone)

e Support material is assumed to be elastic (38 GPa corresponding to shotcrete with 20 cm thickness).

(c) Simulation cases

Case | Scenario Depth oH / ov Horizontal stress Backfill Simulation steps for Scenario 1
[mbgl] oH [MPa] material (a) Application of the initial stress (overburden)

(b) Release of 65.5% excavation force during excavation;
1 1 1.0 4.76 Crushed rock_ mass being elasto-perfect plastic material
2 1 1.5 7.13 diatomaceous | () Addition of shotcrete , ,

250 mudstone + (d) Release of 100% excavation force during excavation

3 2 1.0 4.76 Bentonite (e) Addition backfill material
4 2 15 7.13 (f) Desition of supports

(g) Changing from peak strength to residual strength
5 L 1.0 9.50 Crushed . . .
6 1 500 15 14.25 siliceous Simulation steps for Scenario 2

+ (a)—(e) Same as Scenario 1

7 2 1.0 9.50 anudtSto.?e (f) Changing from peak strength to residual strength
8 2 15 14.25 entonite (g) Desition of supports
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tunnel excavation and its impact on backfill materials

Figure 4.

(3) After selection of the URL site

Models were revised as shown in Figure 4.4.4-11 to reflect the results of investigations in borehole HDB-6
conducted after selection of the URL area. Specifically, the characteristics of the confined compression
dependence could be taken into account in each zone, based on the results of the triaxial compression tests
in boreholes HDB-1 to HDB-6. In addition, the overall characteristics of the in situ stress field in the area
to the west of the Omagari Fault became apparent from the results of the in situ stress measurements in
borehole HDB-6, which was also reflected in the model. The conceptual model ultimately developed after
comparison with the results of investigations from boreholes HDB-1 to HDB-11 is shown in Figure
4.4.4-12. It was concluded that the conceptual model shown in Figure 4.4.4-12 need not be revised,
although more detailed information on the 3D geological structure was reflected in the model.

From the viewpoint of evaluating the mechanical influence associated with excavation of cavities on the
surrounding rocks, various tests including triaxial compression tests, isotropic compaction tests and
laboratory tests for understanding the mechanical properties of shear fractures and their vertical stress
dependence were carried out to clarify the mechanical properties of the Wakkanai and Koetoi Formations
that will host the underground facilities.

With regard to triaxial tests, large excessive porewater pressure has been observed even at a very slow
strain rate and there is some information on strain rate dependence of mechanical properties of soft
sedimentary rocks''?. Considering the above findings, as well as the fact that the deformation rate of the
rocks may differ depending on the tunnel excavation method (machine or blasting), the triaxial tests were
conducted with different strain rates to confirm the above results. In the strain rate range of 0.1-0.0008%
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under the triaxial stress condition, the faster the strain rate was the higher the apparent shear strength was,
but such a trend could be explained by a single failure criterion (Figure 4.4.4-13). Thus, the different
physical properties of the surrounding rock would not be required in the evaluation of excavation method.

The isotropic consolidation test was conducted with the aim of selecting an appropriate constitutive
equation as the model necessary for the numerical analysis, because it was found that the behaviour of the
rocks may differ within the range of variation of the stress that is assumed to occur in the surrounding
rocks during the tunnel excavation, particularly in the Koetoi Formation. As a result, it was concluded that
isotropic compression yield would not occur, at least in the Wakkanai Formation, and the conventional
Mohr — Coulomb type failure criteria were therefore applied. Meanwhile, in the Koetoi Formation,
isotropic compression yield of the rocks was indicated and it was concluded that a constitutive law such as
the Cam-clay model would have to be applied in the future.

Tests on the mechanical properties of fractures and the stress dependence of permeability of the soft
sedimentary rocks were conducted focussing on fractures that satisfy both conditions: those with a clear
correlation between fractures monitored in situ with borehole televiewer (BHTV) and identified by core
logging and shear fractures that could affect the permeability of the rocks based on the investigations in
boreholes HDB-1 to HDB-11 (Figure 4.4.4-14). The results of the tests indicated a vertical rigidity and
shear rigidity of fractures around one order of magnitude lower than those seen in crystalline rocks. The
permeability of the fractures was varied by a factor of 10—100 in the stress range from no pressure to the

estimated overburden pressure in both the Wakkanai and Koetoi Formations (Figure 4.4.4-15).
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Figure 4.4.4-11 Third rock mechanical conceptual model based the results of

investigations in boreholes HDB-1 to HDB-6
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Figure 4.4.4-12 Final conceptual model of rock mechanics
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Figure 4.4.4-13 p’-q’ plot of stress paths for triaxial compression tests with different strain rates

- 133 -



JAEA-Research 2010-068

I‘ I o "t 1-..*:-,‘__ a1

Wa. 1 o et L Ma3

Diatomaceous mudstone Siliaaous mudstone no.1
(HDB-11, 238 m depth): K (HDB-11, 425 m depth): W1

o, AR

II Py

Siliceous‘mudstone no.2 Siliceous mudstone no.3
(HDB-11, 425 m depth): W2 (HDB-11, 425 m depth): W3

Figure 4.4.4-14 Tested fractures (Type 3) in diatomaceous and siliceous mudstones
K: Koetoi Formation; W1-W3: Wakkanai Formation
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Figure 4.4.4-15 Results of hydraulic tests under different normal stresses for Type 3 fractures

a: Apparent hydraulic conductivity; b: Equivalent fracture aperture
Photographs of rock specimens shown in Figure 4.4.4-14
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4.5 Study on the long-term stability of the geological environment

4.5.1 Aims

The aim of this study was to establish a series of techniques for modelling and analysing the long-term
behaviour of the geological environment in the context of geological disposal (e.g. groundwater flow,
groundwater chemistry and solute transport) from the present-day to the future, taking the region of
Horonobe Town as a case study. It also aimed to establish methodologies for estimating and evaluating the
long-term evolution of the characteristics/properties of the geological environment in specific areas (e.g.
coastal region, area where thick sedimentary formations are widely distributed). For the geological
disposal project, PIAs will be selected initially based on literature survey. The selection will take place
based on factors that would render the geologies to be characterised clearly inappropriate, in order to rule
out the possibility of direct damage to the disposal facility or the waste packages and placing excessive
limitations on the design of the disposal facility123). Establishing techniques for estimating the long-term
behaviour of the geological environment as described here means establishing techniques for investigating
and analysing areas with no natural phenomena such as faulting and volcanic activity that could have a
significant impact on the geological disposal system, while considering the evolution of the geological
environment as affected by phenomena such as uplift, erosion, climate changes and changes in sea-level. In
Phase I of the Horonobe URL project, an investigation was conducted with the main aim of determining
the temporal and spatial evolution of the natural phenomena in the Horonobe area. This corresponds to the
initial stage of the study on the impacts due to natural phenomenam) that deals with studies of the
long-term stability of the geological environment and the evaluation of such impacts in a consistent

manner and the approach using palacohydrogeological studies'>.

When evaluating the long-term behaviour of the geological environment, it is of importance to understand
not only individual natural phenomena such as faulting, uplift, erosion and changes in climate and
sea-level, which have impacts on the geological environment, but also how these phenomena are
interrelated and how coupled phenomena affect the geological environment. For example, if local uplift
occurs because of a fault movement in addition to the eustatic lowering of the sea-level, the drop in
sea-level would be greater than expected lowering of sea-level owing to eustatic sea-level change. Such a
drop in sea-level may affect groundwater flow owing to movement of the saline-freshwater boundary and
owing to a change in hydraulic gradient, which could possibly affect the hydrochemical environment of the
deep subsurface. As explained above, the subsurface geological environment behaves as a system where
various phenomena impact on each other, for example interaction among individual natural phenomena,
the change in the geological environment brought about by the natural phenomena and the interaction
among the individual geological environment conditions. It is reported that, when the above environment is
considered, small scale estimates would give only an indirect (limited) understanding of the whole
system'*®. To describe the whole system behaviour, it is necessary to collect the information about every
system-component as far as possible. Therefore, in the case where coupled phenomena such as the
evolution of the geological environment are being dealt with, it is necessary to link research on natural
phenomena such as a sea-level change and faulting with research on hydrogeology and hydrochemistry

127)

from the beginning of the investigation “’. Taking the above into consideration, this study uses an

approach based on palaecohydrogeological studies'?

that describes the future evolution of the groundwater
flow conditions in a certain area on the basis of the temporal and spatial variations of the groundwater flow

conditions in association with geological evolution over geological time.
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The detailed sequence of the study is as follows (Figure 4.5.1-1):

a)

b)
©)

d)
e)

f)

construction of a conceptual model based on the characteristics of the natural phenomena that have
occurred in the Horonobe area over geological time;

systematic compilation of the impacts of these natural phenomena on the geological environment;
acquisition of data on the geological environment required for constructing models of the geological
environment ranging from the past to the present and constructing the models;

numerical analyses for the groundwater flow conditions and other parameters;

checking of the consistency of the analytical results by comparing the results with hydrochemical
data;

description of the future evolution of the geological environment based on the temporal and spatial
variation of the geological environments from the past to the present-day.

Description of characteristics of the natural Understanding of the tendency, pattern

phenomena (geological history etc.) €1 and scale of natural phenomena
v « palaeoclimate
« palaeovegitation
Systematic arrangement of impacts of natural » palaeotopography

phenomena on the geological environments in terms |&--; | * palaeogeography
of T-H-M-C features (FEPs/PID or RES format) « evolution of geological structure etc.

\4

Scenario description for impacts of natural
phenomena on the geological environments

A

Description of interactions between
natural phenomena and the geological

v ... =4 environments in terms of T-H-M-C

- . p features (FEPs list and interaction
Data collection and analysis for the geological ; :
environments based on the scenario eliees): suppored by FAgIoup.
Y v
Construction Of hydrogeobgmal Descnptlon of changes of the
model at definable time from the | | Palaeohydrogeo | ig--- geological environments from the past
past to the present logical to the present
v reconstruction
of the past GW
GW flow analysis at definable time flow
from the past to the present
v v o
Comparison; analytical result, palaeohydrogeological
information, hydrogeological and hydrochemical data FEP: Feature, event, process
— Does this represent the best-possible GW: Groundwater
approximation of the past to present GW flow? PA: Performance assessment
v PID: Process influence diagram
— = ——T RES: Rock engineering system
Description of the best-possible approximation of T-H-M-C: Thermal-hydrological-
the future GW flow mecanical-chemical

Figure 4.5.1-1 Scope of Phase | (grey square) in the sequence of tasks involved in studying the

long-term stability of the geological environments in and around the Horonobe area

With respect to the future evolution of the geological environment, the focus was on understanding the

evolution of groundwater flow conditions, considering that, of all the key properties and processes of the

geological environment that are important for geological disposal (Figure 2.2.1-1), this is relatively easy to

comprehend (see Chapter 2). It is clear that, in addition to groundwater flow conditions, understanding the

evolution of the geochemical characteristics of groundwater is also of importance. However, it was decided
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that this topic would be addressed in Phase II and/or Phase IIIl. When modelling of the geological
environments considering with its temporal variation, the processes and mechanisms by which natural
phenomena affect the geological environment will be systematically compiled and the evolution of the
geological environment originating from these natural phenomena will be documented to provide a basis
for establishing methods for estimating the future evolution of the geological environment.

4.5.2 Methodology

The first investigation to be carried out was a survey of the natural phenomena that had occurred in the
Horonobe area in the past, based on existing information. Based on this information, the investigation
topics and spatial scales to be characterised were then defined and the data flow diagram for each spatial
scale and each investigation stage was established. As described below, the spatial scale was divided into
five levels and the investigations into three stages (survey of existing information, surface-based
investigations and borehole investigations).

The spatial scale to be characterised was determined by considering the features of natural phenomena that
had occurred in the Horonobe area in the past, as well as the scale of the occurrence and the range of the
impact of individual natural phenomena (Figures 4.5.2-1 and 4.5.2-2). The scale covering the sea
surrounding Hokkaido and the whole of Hokkaido was defined as the scale for understanding the regional
tectonic setting which provides the geological context for natural phenomena in the Horonobe area. It
includes the plate boundaries around Hokkaido and the major mobile belts. As it has been proposed that
information on the plate motions should be collected based on surveys of existing information, the spatial
scale was set to be fairly large. The spatial scale covering northern Hokkaido was aimed at understanding
the outline of the palaeoclimate, together with seismicity and volcanic/hydrothermal activities occurring
around the Horonobe area. This scale was set taking into consideration the neotectonic division of the
whole of Hokkaido, the extent of the Tenpoku Sedimentary Basin, which includes the Horonobe area, the
lowering of the sea-level during glacial periods and the submarine topography to the west of the Horonobe
area. The spatial scale for the Horonobe area and the sea area to the west was set orthogonally to the
geological structure with an NNW-SSE trend in northern Hokkaido, also considering the spatial extent of
the Tenpoku Sedimentary Basin. The geological evolution and the palacogeography of the Horonobe area
were the primary investigation targets in this scale. For the spatial scale for the Horonobe area (land area),
existing seismic reflection profiles and results from the borehole investigations were available and the
analyses therefore focussed primarily on uplift and subsidence histories that required more detailed data.
The spatial scale for the Hokushin district of Horonobe Town (in and around the URL area) was set
primarily with the aim of understanding the geomorphological processes. It was also set so as to include
the major sedimentary formations found in the Horonobe area, since it is known that the characteristics of
the topography in the area differ depending on the lithology.

The data flow diagram indicates how investigations are implemented in order to achieve the overall aims
of the investigation including types and combination of investigations, types of data to be acquired,
interpretation of the data and integration of information obtained from different fields. This is an example
of a systematised investigation methodology consisting of investigations, analyses and evaluations. In this
study, the data flow diagram was drafted for each spatial scale to be characterised and for each
investigation stage to make clear what investigations were to be conducted at which point (Figure
4.5.2-3a—d). Understanding the geological environment will be improved by iterating the sequence of
investigation, analysis and evaluation processes according to the data flow diagram. This data flow
diagram is not conclusive; the subjects for investigation and analysis should be reviewed and the links
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between the subjects revised according to the progress of the investigations. Figure 4.5.2-3a—d shows the
data flow diagram at the final point of the Phase I investigations. It will be revised with the progress of the
investigations in Phase II and/or Phase III.

(1) Whole of Hokkaido
& surrounding sea area | (2) Northern Hokkaido | (32) Horonobe area &

(approx. 700 x 900 km | (approx. 100 x 100 km) |  Western sea area (3h) Homnobe afsa (1)&'3;;22‘?8{33“
— 400 x 400 km) (approx. 100 x 40 km) | (approx. 40 x 40 km) (8Ppiax 6 % 10/km)
Seismicity
Volcanic & hydrothermal activity
Active structure
Regional Evolution of the geological structure
tectonics Uplift & subsidence history
Uplift rate
(Global- Erosion rate
slzglael ;ﬁz- Geomorphic process
climate | Palaeogeography |

change) [ Palaeoclimate |

Figure 4.5.2-1 Spatial scales and items for study on the long-term stability of the geological
environment in and around the Horonobe area
Pink representing the area covered by studies carried out in Phase |

z _,\:_
3 5 — (1)
: _,i' - [ / i
S Okhotsk
A ) N Plate ’_37
the tectonic belt of by
= Eastern Margin <
e of Japan Sea
= o

Amurian
s Plate N
‘2 Pacific
N Plate
\ Main fault @, Cretaceous
i | serpentinite
e Lai 150°E Axis of the

: depositional area o
Tenpoku Basin of the Quaternary Horonobe

late boundary or main fault
re " \Foo,_ Depth (m) JAN Quaternary volcano Town

Figure 4.5.2-2 Areas for study on the long-term stability of the geological environment in and
around the Horonobe area

Number in parentheses corresponding to Figure 4.5.2-1
Left: Distribution of plates after Taira128); Right: Tectonic division in northern Hokkaido modified from Oka?"
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(1) Investigations and analyses based on existing information

For the area in and around Horonobe, the investigations based on existing information involved an
overview of the evolution and scale of earthquake/faulting, volcanic/igneous activity,
uplift/subsidence/erosion and changes of climate/sea-level, which are the natural phenomena to be
considered for geological disposal. Based on the information above, the natural phenomena and the areas
to be characterised could be specified for the more detailed investigations in the stage of surface-based
investigations, borehole investigations and the subsequent stages. It was important that the investigations
were not limited to the Horonobe area only but include both the Horonobe area and its surroundings and at

least the tectonic zone (or geological body) that encompasses the Horonobe area.

Investigations based on existing information were conducted referring to publications and databases'>”-'*”

of research results covering the whole of Japan and investigation results from in and around the Horonobe
area (e.g. academic reports and geological maps published by the Geological Survey of Hokkaido). The
estimation of past seismicity and uplift rates were based on analyses of the information compiled as well as
on a compilation of existing information. The analysis method is described below.

With regard to past seismicity, the locations and cycles of earthquakes were examined using the method of
historical seismology'" that studies past earthquakes (historical earthquakes) based on historical literature
and records (historical documents). The historical documents surveyed include information of the Ainu
handed down by word of mouth and their historical records as well as documents and compilations of the
Matsumae and the Tsugaru Clans and “Nikkanki” — a temple diary preserved at the Akkeshi Kokutaiji
Temple, one of the three official temples in Ezo (Hokkaido) constructed by the Edo Shogunate government.

-132)

Other sources include literature by Usami " and the Earthquake Research Committee, Headquarters for

Earthquake Research Promotion of the Prime Minister’s Office, Japan'>>

. An interpretation of each
earthquake was constructed based on judgments formed on the basis of detailed examinations of the
selected historical document and of seismic and geological deliberations. The interpretation of the

historical earthquake is generally following the procedures outlined by Ishibashi'*?.

Hokkaido has experienced a unique historical evolution different from that of Honshu. A period
commenced from the 12™-13™ centuries is called the Ainu cultural period. For examining the seismicity
during the Ainu cultural period, historical documents were collected from Ainu oral communications, their
historical records and ceremonies'>> from each village. In areas where these data were collected, it was
later evaluated whether the occurrence of earthquakes was documented in such Ainu oral traditions and

historical records based on:

whether it was geologically possible for earthquakes to have occurred;
whether earthquakes occurred in the historical age after the Ainu cultural period;
o  whether natural phenomena resulting from earthquakes in historical ages were mentioned in Ainu oral

traditions and historical records'*?.

With regard to the historical documents of the Matsumae and the Tsugaru Clans and “Nikkanki”, the
documentation of earthquakes was collected not from the original records and the diary but from the
secondary historical sources (compilations made later®” that were prepared from the originals by
researchers*®"'*”). For the interpretation of historical earthquakes based on historical document, the
procedure proposed by Ishibashi'** described above was generally followed and the reliability of the
occurrence of earthquakes was evaluated by examining whether earthquakes occurred at the same time and
date as those recorded in the other historical documents, whether the occurrence of earthquakes was
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identified at several locations and whether sediments from earthquake-related phenomena such as tsunami

deposits and traces of liquefaction remained.

The uplift rate in the Horonobe area over the last several hundred thousand years was calculated based on
correlation of the marine terrace surfaces with the marine oxygen isotope stages (MIS) described in

530 using the age and altitude of the marine terrace surfaces distributed in the western

existing literature’
part of the area. The uplift rate was estimated using several methods depending on the baseline of the
variations'*”. Marine terraces developed in shore areas are a good index for calculating the uplift rate. In
particular, the distribution of marine terraces formed at the peak of the last interglacial period (MIS 5Se),
about 125,000 years ago, is widely documented throughout Japan and has been used extensively as an
index of uplift rate. Marine terraces formed around 300,000-100,000 years ago (MIS 9-5c) are widely

19" and the uplift rate

distributed around the Sarobetsu Lowland, located western part of the Horonobe area
can be estimated using such terraces. For the estimation, aerial photographs were interpreted first and a
distribution of the marine terrace surfaces in the Horonobe area was then drawn up (Figure 4.5.2-4). The
aerial photographs used were taken by US forces in 1947 (map scale: 1/40,000), the Geographical Survey
Institute (GSI) in 1977 (map scale: 1/10,000) and by Horonobe Town in 2000 (map scale: 1/20,000). For
the studies of the terrace surfaces and the former shoreline, the altitude, dip, continuity, dissection ratio of
the terrace surface and the knick point of the topography were referred to. The results of the studies were
expressed as a distribution map of terrace surfaces on a 1/25,000 scale topographical map issued by GSI.
The altitude of the former shoreline was determined by dividing the contour interval into ten in the
1/25,000 scale topographical map of the Institute. Following the methodology of Koike and Machida'*?,
the uplift (vertical crustal movement) was calculated from the relative altitude of the former shoreline

indicated by the marine terrace surfaces subtracting the eustatic change in sea-level.

Terrace surface
MIS 1 (ca. 6,000 years ago)
MIS Se (ca. 125,000 years ago)
B MIS 7 (ca. 210,000 years ago)
MIS 9 (ca. 328,000 years ago)

Former shoreline
7~ MIS 1

#==¢ MIS 5e

S MIST

M~ MIS9

”

arobetsu
nticline

a

P W

e
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i\ |
.

Horonobe Town

Japan Sea
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Figure 4.5.2-4 Distribution of marine terraces and former shoreline from MIS 9 to MIS 1

MIS correlation after Koike and Machida™”
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(2) Surface-based investigations and borehole investigations

i) Seismicity

JMA compiles seismic observation data obtained by various research institutes such as the National
University Corporation and determines hypocentres using a nationally uniform seismic velocity structure;
the data are published as a database of IMA'*. The outlines of seismicity in northern Hokkaido can be
obtained from this database. However, the seismic velocity structure near the surface on the Japan Sea side
of northern Hokkaido is probably significantly different from the uniform velocity structure of Japan,
because the total thickness of the Neogene and Quaternary in the area have reached up to 6,000 m. In
addition, as the seismic network around the Horonobe area is sparse, the accuracy of hypocentre locations
is likely to be low. JAEA, therefore, set up four seismic stations in Horonobe Town (Figure 4.5.2-5) during
20022003 to carry out permanent observations and to determine the distribution of hypocentres in and
around the Horonobe area by combining the seismic data obtained from the High Sensitivity Seismograph
Network Japan (Hi—net)””.

The analysis was conducted using microseismic clusters observed by the seismic network in northern

Hokkaido to relocate the hypocentres, particularly those in the Horonobe area'*?

. A hypocentre
determination code ‘hypomh’'*, which is an attachment of the WIN system commonly used in research
institutes in Japan, and a multiplet clustering analysis, which is a highly accurate hypocentre location
method, were applied. Multiplets are defined as acoustic emissions and micro-earthquakes that have
similarities in waveforms, although the events occurred at different times. The multiplets are thought to be
an event that occurs owing to similar mechanisms in the same fault plane or fault system. Multiplet
clustering analysis (MC analysis) is an analytical method that combines the detection of arrival time
differences by cross-spectral analysis, the relative hypocentre location and the location of relative positions
among multiplets (clustering analysis). This method for determining relative hypocentre positions is
effective for estimating the strike and dip of each fault and the relative position of the fault and is also able

to provide useful information on subsurface structures such as the shape of the fault plane'*®.

The distributions of the seismic stations used for the analysis are shown in Figure 4.5.2-5. The analysis
covered 4,217 events for which the positions of the hypocentres were determined by Hi-net in the period
from 20" December 2002 to 30™ September 2005. Of these, 221 events that were measured at more than
two of the four seismic stations set up by JAEA were selected as the source data for analysis of waveforms.
The seismic velocity structure used was the one determined based on temporary seismic observations in
northern Hokkaido'*.

The changes in baseline lengths and groundwater pressures in northern Hokkaido before and after the
occurrences of earthquakes were examined to determine the changes in the geological environment
associated with the occurrence of earthquakes. Regarding the changes in the base line lengths, these were
determined by examining GPS data for the base line length between the HDB-1 GPS station installed by
JAEA and the GEONET (GPS Earth Observation Network — the nationwide GPS network) stations
installed by GSI (see Subsection 4.7.2). For groundwater pressures, the temporal variation of the
groundwater pressures observed in the MP system (see Subsection 4.7.5), which was installed in borehole
HDB-1, was analysed. The earthquakes used for examining base line lengths were the 2003 Tokachioki
earthquake that occurred on 26™ September 2003 with M 8.0"*® and one that occurred on 14" December
2004 with M 6.1"*9, with the hypocentre in the southern Rumoi District. The earthquake used for
investigating groundwater pressures was the 2003 Tokachioki earthquake.
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Figure 4.5.2-5 Seismic stations installed in northern Hokkaido

Area surrounded by dashed line corresponding to the area shown in Figure 4.5.3-10
Solid grey triangle for the Kamihoronobe station

ii) Regional tectonics

According to existing information, northern Hokkaido constitutes part of a fold-and-thrust belt in an E-W
stress field. The fold structures are thought to have been formed from the east after 2-3 Ma?*'*”. The rate
of crustal movement in northern Hokkaido can be estimated based on the strain rate in the area, which also
sets the constraints for restored geological cross-sections by combining uplift, subsidence and erosion rates
(see Subsection 4.5.3). The evolution of the geological structure restored in such a way will be essential
information for evaluating palacogroundwater flow conditions (see Subsection 4.2.4). In Phase I, the
horizontal strain rates of the crust in northern Hokkaido were estimated by an analysis using GPS
observation data and a geological cross-section, in addition to a compilation of existing information from

148) 9 The geological cross-section from

triangulation and displacement data on active faults
approximately 2.5 Ma to the present (referred to hereafter as the restored geological cross-section) was
prepared by referring to existing information and the investigation results for the geology and geological

structures in and around the URL area.

For the analysis of the GPS data, data from a total of 17 stations were used: the HDB-1 GPS stationlso), 12
GEONET stations in northern Hokkaido and 4 stations belonging to the International GPS Service (IGS) in
East Asia (Figure 4.5.2-6). An observation at the HDB-1 GPS station was started on 1* January 2003. Thus,
the analysis covered data during the period from 1* January 2003 to 13" January 2006. The collected data
were analysed using a computer code GAMIT, which was developed by the Massachusetts Institute of
Technology and the Scripps Institute of Oceanography in the USA. As described before, the Horonobe area
is in an E-W stress field. Therefore, the strain rate [y"'] was obtained by using the baseline lengths between
the HDB-1 GPS station and GEONET stations (Rishiri, Hamatonbetsu and Esashi stations) for the E-W
direction.
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The analysis was conducted in the following order:

a) determine the change in the baseline lengths during the period of observation;

b) calculate the strain over the observation period (approximately three years) from the ratio between the
change in the baseline lengths and the baseline lengths when GPS observations started;

c) convert this ratio into strain rate per year.

The time variation in the baseline lengths was obtained by fitting with a functional form that can express
periodical change such as seasonal variance and variance that accumulates over a long period, using the
curve-fitting tool in KaleidaGraph version 4.0 of the Synergy Software Co.

In the analysis using the geological cross-section, the horizontal crustal shortening in northern Hokkaido
was estimated by applying the procedure of cross-section balancing'*" to the geological cross-section up to
tens of kilometres deep that was derived from the seismic reflection surveys conducted in and around the
Horonobe area. The procedure of cross-section balancing draws a cross-section in which the stratification
before the deformation, is accurately restored when deformation such as folding and faulting is returned to
the condition before deformation, considering that the deformed-state and restored cross-sections maintain
constant area'””. Here, it is a prerequisite that the cross sectional area of the stratum and the length of a
contact in cross section does not changed during the deformation. Shortening was estimated based on the
length in the geological cross-section, being the length before the deformation, and the current straight line
length, being the length after the deformation, with respect to the basal surface of the formations (the
Hakobuchi, Wakkanai and Yuchi Formations) that were assumed to be deposited before the deformation,

i.e. development of the anticlinal structure. Ito'*?

interpreted the results of the reflection seismic surveys
conducted by the Japan National Oil Corporation in the area from the Sarobetsu Anticline to the Omagari
Fault in the western part of the Horonobe area. The fold structure in the Horonobe area was assumed to be
formed at the time of deposition of the Yuchi Formation, based on the thinning of the stratum in the
anticlinal axis and the thickening of the stratum in the synclinal axis in the seismic profile; it was also
assumed that the anticline was developed approximately 2.7-2.6 Ma'*”. The development of the fold in the
Horonobe area was therefore assumed to have started approximately 2.7-2.6 Ma. Based on this assumption,
the strain rate was calculated by dividing the strain (extension; the ratio of its change in length to its initial

length, where the change in length is the final length minus the initial length) by 2.7-2.6 million years.
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The location of the restored geological cross-section was set with the following considerations in mind
regarding the results of the shallow subsurface hydrological investigations and the groundwater flow
analysis (see information on the recharge area; Subsections 4.2.3 and 4.2.4): it requires to go through the
area of the upper Shimizu River and the Teshio River, which is topographically low, and include the area
near the shelf break (approximately 140 m deep) in order to take the eustatic sea-level change into account
(Figure 4.5.2-7). In addition, the direction of the cross-section is orthogonal to the trend of the geological
structure in order to include main components of geological structures such as folds and faults. The present
geological cross-section was constructed based on the results of investigations on geology and geological
structures in and around the URL area (see Section 4.1) and existing information such as submarine

geological structure maps1 33) 154)

, marine seismic profiles ” ", interpreted reflection seismic profiles and
documentation compiling all of this information'. In inland areas, except for in and around the URL area,
geological structures refer to existing cross-sections based on the seismic reflection proﬁlesm) obtained
during oil and natural gas exploration in the past and the stratigraphy was taken from geological maps
issued by Geological Survey of Japan (GSJ; see Section 4.1 for references). In the sea area, stratigraphy
and geological structures refer to existing information, such as submarine geological maps based on the
sonic profiles issued by GSJ during the 1970’s. Moreover, for the geological structures in sea areas,
improvements were made based on the preliminary sonic profiles obtained by GSJ and universities in
1999-2002. If there is contradiction of these data, priority was given to the information obtained in the
URL area for both geological structures and stratigraphy. For interpreting the geological structures, the
regional structures and tectonics were taken into consideration. In addition, restored geological
cross-sections were drafted based on the current geological structure by considering the horizontal crustal
strain rate, the rates of uplift/erosion (see Subsection 4.5.3) and the depositional period® of the formations

in northern Hokkaido.

(m)
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shelf break contl nental shelf
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100 80 60 40 20 W]
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Figure 4.5.2-7 Location of cross-section for restoring geological structure in northern Hokkaido

Left: Sea bed topography after Koaze”"; Right. Geomorphic section along the red line (V:H = 100:1) based on

Japan Coast Guard"®; Red line referring to the restored geological cross-section shown in Figure 4.5.3-15

iii) Estimation of uplift and uplift rate

As described in (1), several different approaches have been attempted to estimate the uplift rate depending
on the baseline for calculating the vertical crustal movement'*”. For the analysis based on existing
information, the marine terrace surfaces distributed in the western part of the Horonobe area were used as
the baseline for calculating of the vertical crustal movement and the uplift rate was calculated according to
the MIS correlation as documented in the existing literature”"' % However, there is no consensus on the
age of marine terrace surfaces in the existing literature. One of the reasons for this is that there are very
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few widespread tephra beds that can be observed with the naked eye in the strata constituting the terrace
surfaces in northern Hokkaido and chronology of the terrace based on tephrochronology would be difficult.
A detailed description was therefore prepared of the marine terrace distribution in the Shimonuma district
of Horonobe Town, located in the western part of the Horonobe area, and the age of the marine terrace
surfaces was estimated by applying the Refractive Index Physical Labor (RIPL) method to the stratum
constituting the terrace deposits. The marine terrace surface investigated was correlated with MIS 5e by
Koike and Machida'?.

The RIPL method is used to measure the refractive index of volcanic glass and phenocrysts (e.g.
orthopyroxene and amphibole) contained in samples which are collected continuously at 5-10 cm intervals
from aeolian deposits and lake/bay deposits. The aim is to identify original tephra material that is invisible
to the naked eye and to determine the tephrostratigraphy by statistically analysing the large volumes of
data obtained"’”. This method is possible due to the huge improvement in the accuracy and speed of
refractive measurement devices over recent years. Samples were taken at about 5cm intervals for
refractive measurements. Since identification of tephra using refractive index data only can be difficult, the
major elements of the volcanic glass were analysed using an energy dispersive electron probe
micro-analyser (EPMA). The '*C dating of a charcoal contained in the loess constituting the terrace deposit
has also carried out using the accelerator mass spectrometry. The uplift (vertical crustal movement) was
then calculated according to the method used by Koike and Machida™® by subtracting the eustatic
sea-level change from the relative altitude of the former shoreline indicated by the marine terrace surface.

iv) Palaeogeography

Palacogeographical data, i.e. the evolution of the land —sea distribution and locations/altitudes of
mountains in the past are essential for the restoration of historical groundwater flows (see Subsection
4.2.4). For the restoration of the palacogeography, it is of importance to define the periods of sedimentation
of the strata occurring in the area of interest and to estimate the sedimentary environments of the strata
based on the sedimentary facies analysis. The information will allow identification of the strata deposited
in the same periods and definition of the spatial extent of the sedimentary environments. During Phase I,
analysis of fossil diatom, FT dating of volcanic ash, provenance analysis and sedimentary facies and
sequence stratigraphical analysis were carried out in order to estimate the depositional age of formations

and their palacoenvironment.

Although the Koetoi and Yuchi Formations have traditionally been examined based on diatom and shell

1 1 .. . . .
8159, Existing information is

fossils, there were various views on their depositional age and stratigraphy
also suggested that the Pliocene — Pleistocene formations in northern Hokkaido facing the Japan Sea have a
diachronous relationship'>. Therefore, at the western limb of the Sarobetsu Anticline located in the western
part of the Horonobe area, identification of fossil diatoms and diatom zones was attempted to the upper
Koetoi Formation near the boundary between the Koetoi Formation and the Yuchi Formation and the

depositional age of each formation was also examined by FT dating®”.

Provenance analysis is a method for estimating the source of clastic materials that constitute clastic
sedimentary rocks. It is based on the flow direction (palaeocurrent) that supplied the clastic materials and
on the lithological and mineralogical examination of the clastic materials. The palaeocurrent is restored
using sedimentary structures. The types and volume ratios of the mineral particles and gravels comprising
the clastic materials would reflect the strata and rock types in the hinterland and also indicate that the
provenance of clastic materials was denudation environment during its sedimentation period. The results of

the analysis provide information about sedimentation and denudation environment (approximate land — sea
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distribution) of the strata and rocks that supplies the clastic materials. The provenance analysis in this case
used the composition of the gravels in the Sarabetsu Formation and the content of fossil diatoms in the
Koetoi, Yuchi and Sarabetsu Formations (see Subsection 4.7.2).

The Sarabetsu Formation was classified into several sedimentary facies based on information from the
lithofacies, sedimentary structures, shape of the basal surface of beds, stacking pattern of sedimentary
facies, distribution of the stratum and palaeocurrent direction; the sedimentary environment were
reconstructed based on sedimentary facies associations which were integrated from these sedimentary
facies (sedimentary facies analysis). From the stacking pattern of sedimentary facies based on the above
analysis, the sequence boundaries and sedimentary sequences were identified; the relative sea-level
changes at the times of formation of each sedimentary sequence were estimated (sequence stratigraphical
analysis). A geological description of continuous outcrops is required for the sedimentary facies and
sequence stratigraphical analyses. However the number of continuous outcrops of the Sarabetsu Formation
is limited in Horonobe Town. One of these limited continuous outcrops, the location where the lower most
part of the Sarabetsu Formation can be continuously observed (Figure 4.5.3-18 for the location of outcrop)
was selected for the analyses.

The diagrams of land —sea distribution were prepared for the period after MIS 7 (approximately
210,000 years ago), taking into consideration the formative age and the distribution of the marine terraces
in the western part of the Horonobe area (see Subsection 4.5.3), the submarine topography to the west of

Horonobe area and the eustatic sea-level changes.

v) Estimation of the amount and rate of erosion

Various methods'® have been attempted for estimating the rate of erosion. Similarly to the case for the
uplift rate, it depends on the length of the period and areas to be covered. The method most used is that
based on data on the volume of sediments accumulated in dams. This method is used to calculate the
sediment production rate in the drainage basin of a dammed lake, based on the volume of sediment
accumulated and the elapsed time since completion of the lake. The advantage of this method is that the
average rate of erosion in the drainage basin can be determined quantitatively. However, there is a
weakness in that the long-term trend of the erosion rate cannot be determined well, since the observation
period for the volume of sediment in the dam can only be as long as about 40 years. Another method
involves using geomorphic surfaces such as marine terrace surfaces as an indicator. The rate of downward
erosion can be calculated using the depth of the dissected valley on marine terraces. An accurate estimate
of the age and original topography of geomorphic surface before dissection is a prerequisite for the
application of above method. In any case, applicable methods must be selected considering the
characteristics of the investigation area.

The Wakkanai and Koetoi Formations which composed of biogenic fine-grained siliceous rocks are
distributed in the Horonobe area. Silica minerals contained in a siliceous sediments were transformed from
amorphous silica (opal A) to low-temperature cristobalite (opal CT) and then to low-temperature quartzw)
owing to burial processes and temperature increase. The transformation of the silica minerals, along with
zeolite and feldspar with an abundance of Na and Ca, is known as the mineral index of burial diagenesis.
The transformation of silica minerals in particular is strongly controlled by changes in temperature owing
to the burial of sediments'®®. For this reason, the temperature estimated for the silica minerals in the
sediments represents the highest temperature experienced by the sediments during burial diagenesis,
provided volcanic activity, hydrothermal activity and hydrothermal alteration associated with these

activities did not occur after the sediments had experienced the alterations caused by burial diagenesis.
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This means that the palacogeothermal gradient can be calculated in a borehole if the current depths of
occurrence of both opal CT and quartz are obtained in the borehole. Once the palacogeothermal gradient is
known, the depth profiles of opal A, opal CT and quartz at the time of acquiring the palaeogeothermal
gradients can be estimated by assuming the temperature of transformation to opal CT or quartz and the
ground surface temperature at the period of acquiring the palacogeothermal gradients. The amount of
erosion (amount of denudation) from the time of acquiring the palacogeothermal gradient to the present is
given by subtracting the current depths of opal CT and quartz from the depths of those at the time of

acquiring the palacogeothermal gradient.

There is no large-scale dam in the Horonobe area and marine terraces are limited to coastal area. Although
there are flat surfaces that are assumed to be the uplifted marine terrace surfaces in and around the URL
area, the age and the original landform of these flat surfaces have not been accurately determined. On the
other hand, the Wakkanai and Koetoi Formations, consisting of siliceous sedimentary rocks, are distributed
widely in and around the URL area. Based on these findings, the amount of erosion was estimated using

the transformation of silica minerals contained in the formations as an indicator.

There are some reports on the transformation temperatures for silica minerals. According to Aoyagi and
Kazama'®", the temperature required for amorphous silica minerals to transform from opal A to opal CT by
diagenetic alteration is 45°C and that from opal CT to quartz is 69°C; according to Yoshimura'®®, these
temperatures are 50°C and 80°C respectively. However, it should be noted that palacogeothermal gradients
cannot be obtained from the above information only if complicated uplift and subsidence have occurred. In
the discussion in Subsection 4.5.3, the amount and the rate of erosion (denudation amounts and rates) were
estimated according to the work flow diagram in Figure 4.5.2-8, using the transformation temperatures of

161) 163)

silica minerals indicated by Aoyagi and Kazama ~ "’ and Yoshimura

vi) Geomorphological processes

All types of physical and chemical changes that alter the topography, i.e. the configurations of the land
surface, are called geomorphological processes164). The processes include the formative processes of
topography and mechanisms and processes of topographical change. The formative processes and
topographical change was estimated to understand the primary processes, such as weathering, erosion,
transport and sedimentation. In Phase I, for the Hokushin district of Horonobe Town, where almost all the
formations occurring in the Horonobe area are found, the geomorphological processes due to the
interactions of the above processes were studied. Firstly, a map of the drainage system, a ‘zebra map’, and
a distribution map of relief energy, drainage density and landslide landforms were prepared based on
information from morphometry of topographical maps and interpretation of aerial photographs. The ‘zebra
map’ was drawn by painting every alternate belt of 25 m in altitude. In addition, field investigations were
conducted in order to confirm the landslide landform and landform materials. The current topography were
characterised based on the integration of the above information. The geomorphological processes in each
of the formation found in the Hokushin district were then examined based on a comparison between the
characteristics of the current topography and the geology (see Section 4.1 and Appendix 1 for the
geological map). The amount of suspended sediment flux in each basin of the river that encompasses the
Hokushin district was calculated based on measurements of the turbidity of the rivers. The characteristics
of current geomorphological processes for each drainage basin were studied by comparing the drainage
basin characteristics, including vegetation, land use and geology, with the amount of suspended sediment
flux. The drainage basin for this study was the same as that for the shallow subsurface hydrological
investigations carried out for the Hokushin district in Horonobe Town (see Subsection 4.2.2).

- 151 -



Petrological and mineralogical

characters of rocks

(surface-based investigation)

(1)Depth of silica-phase
transformation
i (current depth)

« opal-A/~CT boundary

JAEA-Research 2010-068

Ground temperature
(6.2°C andfor 15°C)

- opal-CT/quartz boundary

Temperature of silica-phase
transformation by diagenesis |

- opal-A/-CT boundary

+ opal-CT/quartz boundary

(2)Palaeo-geothermal
gradient
(age of silica-phase

transformation)

- Palaeo-depth of opal-
AJ-CT and opal-
CT/quartz boundary

« Temperature of silica-
phase transformation

(3)Burial depth
(age of silica-phase + (4}Am0_um of *
transformation) erosion

(5)Erosion
rate

Conformation of impact of volcanic
activity on silica-phase after the
transformation by diagenesis

radio-metric age, etc.)

Age determination of formations (fossil age,

Time and spatial distribution of volcanic activity
(style, distribution, scale, and age of volcanic
rocks around the northern Hokkaido)

Influence area of volcanic activity by using
existing knowledge from investigations of
volcanism, geothermal exploration in Japan

Distance from the area of volcanic rocks to
the Horonobe area

-

rocks (borehole investigation)

Organic-geochemical, petrological, |
and mineralogical characters of .

* (3)-(1)=amount of

+ Depth of opal-A/
erosion

opal-CT and opal-
CT/quartz boundary
+ Palaeo-geothermal
gradient
+ Ground temperature
in the past

L

Starting age of erosion

+ age and thickness of formations
around the URL area based on
microfossil and radiometric
age (Yuchi F. and Sarabetsu F.)

|:| Goal

r
=E

-_: Data obtained by surface-based investigation

I:I Data obtained by literature investigation

[] premise

(1)Conformation of the
uniformity of organic
and mineral

>

(2)Sterane/sterene ratio
at the depth of silica-

>

(3)Sterane/sterene
ratio in the condition

(5)Amount of
erosion

(6) Erosion
rate

>

compaositions

- Composition of organic
element

+ Kerogen composition

+ C27-C28-C29
sterane/sterene ratio

+ Major element

* Opal-A/-CT boundary
« Opal-Afquartz boundary
- Sterane/sterene ratio

composition
+ Mineral composition

Depth of transformation 1
silica-phase |
(age of silica-phase
transformation)

phase transformation
in the present

Thermal dependence
of sterane / sterene
ratio

of maximum palaeo-
geothermal
temperature

+ Depth of opal-A,
opal-CT, and quartz

+ Sterane/sterene ratio

+ Palaeo-geothermal
gradient

’ (4)Burial depth based on '
. the sterane/sterene
ratio

+ Sterane/sterene ratio

+ Palago-geothermal
gradient

+ Composition of organic
element

+ Kerogen composition

+ C27-C28-C29 sterane

+ (4)=amount of
erosion

+ Major element
composition

' Organic geochemical,
! petrological, and mineralogical ,
' characters

(surface investigation)

~ = -, Data obtained by surface-
- - . based investigation

* Mineral composition

and sterene ratio

microfossil and

Starting age of erosion
+ age of Yuchi and
Sarabetsu F, around the
URL area based on

radiometric age

Data obtained by
literature investigation

Figure 4.5.2-8 Work flow for estimating erosion rate using the transformation of silica mineral
phase (upper) and changes in sterane/sterene ratio (lower)
After Takahashi et al.'®

For the preparation of the map of drainage system and distribution map of the relief energy, a

topographical map with scale 1/25,000 issued by GSI was used. For the drainage system map, the valley

line shown as being concave in the contour line and all rivers shown in the topographical map were traced
regardless of the stream order in the drainage system. For the relief and drainage density, the topographical
map was overlaid with grids of 500 m square according to Suzuki'®®. The relief was obtained from the
difference between the highest and lowest altitudes (relative altitude) within the grids by visual observation.
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The drainage density was obtained by counting the total number of exterior (1* order stream) links and
interior (2nd order stream and above) links as the number of valley lines and dividing it by the area of the
grid. The landslide landform was read from an aerial photograph on a scale of 1/10,000 taken by GSI in
1977 and the map for assessing the landslide landform was prepared by drawing the above landslide
landforms onto a topographical map in the scale of 1/25,000 issued by GSI. According to Yamagishim), all
topography consisted of combination of slip scarp and slide block, i.e. the basic elements of the landslide
landform, were interpreted as landslide landform. For the large-scale landslide landform, it could be
subdivided into smaller blocks and the interior landform, such as the secondary scarps, cracks, mounds and

depressions (concave structures) could be seen. Such interior landforms were excluded from the map.

The conventional method of measuring the concentration of suspended sediment in a river is to sample the
river water and measure the concentrations at the laboratory. The problem with this method, however, is
not being able to acquire continuous data. The concentration of suspended sediment was therefore derived
using the turbidity, which can be observed continuously using a special device and correlates with the
concentration of suspended sediment. Combining this method with the river flow rate, the volume of
suspended sediment was calculated for each drainage basin defined for the shallow subsurface
hydrological investigations (see Subsection 4.2.4; Figure 4.2.2-2). This measurement was carried out at the
time when Typhoon no.14 passed through in early September 2005, when the river level was significantly
raised and lowered over a short period of time and continuous data on turbidity and concentration of
suspended sediment could be obtained during the course of the change in the river level. The turbidity (unit
in [NTU]) was continuously monitored every 10 minutes for 24 hours with turbidity metres installed
together with devices used to measure the river flow rate at points P-3, P-4 and P-5. Turbidity metres with
a resolution of 1 NTU and a measurement range of 0—800 NTU are suitable for measuring turbidity even
for large outflows of water such as during the time of a typhoon. For the two days when Typhoon no.14
was passing through, river water was sampled at P-3 and P-5 for 24 hours and the sampled water was
analysed for turbidity in the laboratory. The continuous data on the concentration of suspended sediment, C
[mg 1], was obtained by determining the correlation formula of turbidity and the concentration of
suspended sediment based on these measurements, together with the analytical results for turbidity from
the laboratory for 90 samples taken in the Hokushin district of Horonobe Town. The volume of suspended
sediment flux, F [gs"'], was calculated using the concentration of suspended sediment, C [mg 1], and the
river flow rate, Q [m3 s'l], in the formula of F=C ng)' It should be noted that the suspended sediment
flux obtained by the above method is the sediment flux transported by suspension out of all the sediment
produced by erosion at locations upstream of the points where the turbidity meters were installed in each
drainage basin.

4.5.3 Results and synthesis
(1) Study covering the whole of Hokkaido, the surrounding sea area and northern Hokkaido,
based on existing information

i) Seismicity

Improved seismic network and temporary seismic observations in Hokkaido since the 1980°s have revealed
a number of micro-earthquakes (M < 3) in northern Hokkaido. Such seismicity is dominant in the area
facing the Japan Sea and includes the Kamuikotan Belt; the seismicity in the area facing the Okhotsk Sea is
very low. A high-seismicity zone with a width of about 50 km running from north to south has been
observed and many earthquakes have occurred at depths of 15-30 km in north-western Hokkaido'**'%”, as

shown in Figure 4.5.3-1. The seismicity of micro-earthquakes is particularly high along the coastal area of
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the Japan Sea. Focal mechanisms of such earthquakes are strike-slip faults with reverse dip-slip component

and an E-W stress as the maximum principal stress in the zone shallower than 10 km in depth and normal

faults at a depth of around 20 km. It is also known that earthquake swarms have sometimes occurred in

northern Hokkaido. Within the Horonobe area, earthquake swarms occurred in 1975, 1986 and 1992. The
170)

maximum magnitude of the 1992 swarm was M 4.3

455°N

45° N

445°N

141" E

Figure 4.5.3-1 Hypocentre distribution of earthquakes with depths of 50 km or
less observed during 2000 to 2002
After JMA™?)

Information on seismicity that occurred before the seismic observations started (historical earthquakes)
was collected by examining records of earthquakes in the historical documents. The results indicated that
the areas affected by earthquakes or tsunamis possibly caused by earthquakes were found more often along
the Pacific Coast of Hokkaido, in particular the coast of Uchiura Bay, and the Iburi — Hidaka and Kushiro
coastal areas. For inland areas, the middle Saru River basin, the middle Tokachi River basin, the east of
Lake Saroma and around Lake Kussharo also experienced such phenomena (Figure 4.5.3-2). This
distribution of the areas, for occurrence of earthquakes, is similar to that of epicentres of destructive

earthquakes'*?.

The above situation is considered to have existed for the last 800 years, based on comparison with oral
traditions relating to earthquakes and tsunamis handing down during the Ainu period and based on the
duration of this period" % No description by which a specific year or age can be estimated has been found
in oral traditions on the Ainu period. The events relating to earthquakes that are mentioned in such
traditions are presumed to have occurred during the Ainu cultural period or earlier.
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Figure 4.5.3-2 Epicentres of destructive earthquakes and locations associated with the past
earthquakes and tsunamis

Circles for epicentres of destructive earthquakes after Usami'*?, Tamura et al.
Squares for the past earthquake and tsunami locations after Niizato et al.'®
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In historical documents written by people who lived in Honshu Island, 146 earthquakes (i.e. earthquakes
that could be felt) that had not been previously known were found to have occurred during the period from
1611 to 1880. All the earthquakes that occurred after 1881 could be confirmed in the records of Usami'*?.
In these records, only earthquakes that occurred in southern Hokkaido were recorded in the early days,
starting with one that occurred in the Aizu District (the Keicho — Sanrikuoki earthquake in 1611).
Earthquakes that occurred in eastern and central Hokkaido started to appear in the documents since 1780
and 1792, respectively (Figure 4.5.3-3a). After 1816, the earthquake records for the Akkeshi area increased
(Fig 4.5.3-3b) and records covering seismicity for the whole of Hokkaido, including inland events (Hidaka
District), started to be kept (Figure 4.5.3-3c). With regard to the history of Hokkaido, the Matsumae Clan
was established in 1604, the Akkeshi Basho (trading point) opened for the period 1624-1644 and
Kunashiri Basho opened in 1754"*%"'™ Incidents including natural disasters around the Akkeshi area after
1816 were recorded in the “Nikkanki” temple diary by the chief priest of the Akkeshi Kokutaiji Temple. In
the period from the middle of the Meiji era (around 1890) to the Taisho era (1912—-1926), explorers
migrated all over Hokkaido and a seismic network was installed by the Meteorological Observatory. The
earthquake records collected sporadically by era, followed by an increase in the recorded events, are
therefore due to progress made by the Japanese population of Hokkaido. It is however hard to confirm that
such records truly illustrate the regionality and cycles of the earthquakes.

It is therefore difficult to investigate the characteristics and cycles of earthquakes by era based on the
historical seismology in and around Hokkaido. However, regarding the regionality of the earthquakes, a
trend can be seen whereby fewer earthquakes were recorded in northern Hokkaido and more in the coastal
areas of the Pacific Ocean from the beginning of the Ainu period up until the present (Figure 4.5.3-3). As
described previously, the regionality can be considered to have existed for the last 800 years or so, since
the 12"-13" centuries. Tkehara'’® found two turbidite layers, considered to be landslide deposits from the
time of an earthquake, in submarine sediment cores collected from the Rishiri Trough, located to the west

of Rebun Island off Hokkaido. Based on the results of age determination for the cores, the recurrence
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interval of the large earthquakes forming landslide deposits near the Rishiri Trough was estimated to be
slightly over 3,000 years. Based on all the above findings, the recurrence interval of major earthquakes (of
the size that causes submarine landslides) in northern Hokkaido is estimated to be about 800-3,000 years, a
longer period than can be traced from the historical documents.
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Figure 4.5.3-3 Historical records of earthquakes from the Ainu period to the present

Locations of “Basho” after Kono'™

Since the number of historical documents collected to date is limited and all of them are compilations
made later, the distribution of the locations where earthquakes that could be recorded and the quake
damage that would have been described in the source documents were not well understood. For example,

1»138)

in one of these secondary historical documents, “The New Chronology of Hokkaido History” °*, original
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writings are summarised for the purpose of making a chronology and there are cases where the description
of seismic ground motion and names of earthquake-affected area have been omitted (personal
communication with Prof. M. Kobayashi, Hokusei Gakuen University). The distribution of locations where
earthquakes and the quake damages were recorded would be essential information for estimating the
magnitudes of the earthquakes and their hypocentres. Therefore, the descriptions in the original historical
documents recording earthquake-related events should be checked and historical documents relating to
earthquakes that occurred in the areas facing the Japan Sea should be collected.

ii) Active structures (active faults, folds and flexures)
In northern Hokkaido, the Sarobetsu Flexure Zone, the Horonobe Fault Zone and the Toikanbetsu Fault
Zone are recognised as an active fault zone from west to east (Figure 4.5.3-4, right). The Sarobetsu Flexure

179 in the existing literatures

Zone corresponds to the Teshio Fault Zone™ and the Sarobetsu Fault Zone
and the Horonobe Fault Zone is located to the north of the Horonobe Fault. In addition to these active
faults, the Omagari Fault and the Horonobe Fault are present as a geological fault from west to east. In this
chapter, geological faults are those faults that have no evidence of fault movement during the most resent
geological period, especially during the Quaternary. For those active fault zones, the location of fault traces
and the displacement and the age for the reference plane of displacement have been obtained based on
interpretation of aerial photographs, reflection seismic surveys and borehole investigations™"'’”. The

»177) 22 that were identified as an

Horonobe Fault Zone (the “Horonobe Fault Zone and “Horonobe Fault
active fault together constitute the “Horonobe Fault Zone” in the definition here) extends over about 20 km
with an NNW-SSE direction in the northern part of the Soya Hill and consists of two fault traces running in
parallel a few hundred metres apart. The main fault is in the east side in the Horonobe Fault Zone. This has
developed low fault-scarp uplifted eastern side of the fault and displaced the surface of the marine terrace.
The southern half of the fault zone is a reverse fault with uplifted western side of the fault and diverging
out from south to north. In addition, a graben-like lowland has formed between the reverse and the main
faults. The Sarobetsu Flexure Zone, consisting of a number of faults with a length of about 10 km that
extend in an NNW-SSE direction, is an active fault zone with total length of about 40 km, located at the
margin of the Sarobetsu Lowland. It appears at the ground surface as a flexure, which causes displacement
on hill slopes and marine terrace surfaces. The margin of the Sarobetsu Lowland is bounded by the flexure
extending from north to south. The Toikanbetsu Fault Zone runs for about 20 km through the hills along
the Toikanbetsu River, roughly from south to north. The southern half of the fault zone consists of a fault
trace that diverges out from south to north and the northern half consists of a right-stepping fault trace. The
fault causes a displacement of the terrace surface uplifting western side of the fault in most cases and
results in low fault and flexure scarpsm). For the sea area, a submarine active structure map has been
prepared based on the analysis of multi-channel seismic-reflection profiles, combining high resolution
bathymetric maps and geological data such as the results of borehole investigations' ™. According to the
map, there are two submarine active fault systems in northern Hokkaido (Figure 4.5.3-4, left). The
Wakkanai Fault System is a submarine active fault system that runs in the direction northwest to southeast
and is considered to be a seaward extension of the land active structures. The Musashi Fault System runs

from the Shakotan Peninsula to Musashi Bank and Rebun Island in an N-S direction.

It can be concluded that the distribution of active structures on land is concentrated at the geological
boundary (the Toikanbetsu Fault Zone) such as between the Kamuikotan Belt and the Neogene
sedimentary rocks and in a depositional area of Quaternary sediments (the Sarobetsu Flexure Zone) such as
the Sarabetsu Formation. Those in the sea are unevenly distributed in the Japan Sea area (the Wakkanai and
the Musashi Fault Systems).
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iii) Regional tectonics

The basic framework for the neotectonics of Hokkaido and the surrounding sea area is formed by the
interaction of the Okhotsk, the Amurian and the Pacific Plates (Figure 4.5.3-5a). There is an E-W
compressive stress in the western half of Hokkaido, including the eastern margin of the Japan Sea, oblique
subduction of the Pacific Plate and south-westward migration of the Kuril forearc sliver as a result of the
oblique subduction of the Pacific Plate along the Kuril Trench.

Hokkaido and the surrounding sea areas can be divided into six tectonic provinces based on differences in
the tectonics, the distribution and trend of geology and geological structures and their characteristics'™"

(Figure 4.5.3-5b):

e Province I is bounded by the Okushiri Ridge at the western edge and a series of uplifts connecting the
Kabato Mountains and Rebun Island at the eastern edge. It includes the eastern margin of the Japan
Sea, south-western Hokkaido and the Ishikari Depression. Its topography, geology and geological
structure are mostly in an N-S direction and are seen as being a northward extension of the western
part of the principal mountain ridge of the Tohoku District. This tectonic province basically is under
the influence of an E-W compressive stress, but the south-western Hokkaido and the Ishikari
Depression, which are considered to form the junction of the Northeast Japan arc and the Kuril Arc,
are affected by the south-westward migration of the Kuril forearc sliver.
e Province II is directly affected by the subduction of the Pacific Plate and is constituted of a so-called
accretionary prism.
e Province III is divided into four sub-provinces based on topographical and geological features:
»  III-1: continental slope of Kushiro — Nemuro offshore;
»  III-2: uplift zone of Kushiro — Nemuro pre-Neogene rocks;
» 1III-3: a series of sedimentary basins between the forearc and backarc of the Kuril Arc, in order
from the south;
» 1I-4: the group of uplift and subsidence zone arranged like an arc and convex to the west,
located to the west of the above three sub-provinces. This extends north to south, with mountains
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and subsidence basins formed mainly at the end of the Caenozoic age with a convex
configuration to the west (the Tokachi Plain, the Hidaka Mountains and the Umaoi Hill). Crustal
movement is highly active in this province.

e Province IV is a volcanic arc, with high volcanic/geothermal activity, with volcanic uplift zones and a
series of sedimentary basins in a right-handed en echelon arrangement. Provinces II, III and IV are
tectonic provinces formed by the subduction of the Pacific Plate in the Kuril island arc — trench
system and the south-westward movement of the Kuril forearc sliver related to the subducting plate
(particularly in Province III-4). The distribution of the geology and geological structures of the
provinces are in an ENE-WSW direction, except for Province I11-4.

e Province V is assumed to be an active province and is an oblique collision zone at the plate boundary
in the middle to late Miocene. However, crustal movement has been quiet since the Pliocene with very
low seismicity as discussed later.

e Province VI covers the range from the Kamuikotan Belt to Teuri and Yagishiri Islands and then to
Rebun Island. Crustal movement is active in this province, with subsidence areas and basins formed
after the Quaternary, such as the Toikanbetsu Tectonic Basin and the Sarobetsu Lowland. Province VI,
like Province I, is characterised by E-W compressive tectonics. Both provinces are considered to form
part of the tectonic belt of the eastern margin of the Japan Sea'®"'®”. Horonobe area belongs to

Province VI.

As described before, the tectonic belt thought to correspond to the boundary between the Okhotsk Plate

and the Amurian Plate'8"'%?

occurs at the eastern margin of the Japan Sea, west of the Horonobe areca
(Figure 4.5.3-5a). It is called “the tectonic belt of eastern margin of Japan Sea”. It is estimated that the
tectonic belt formed about 2-3 Ma'*, from the results of deep sea drilling at Okushiri Ridge and the
stratigraphy obtained from reflection seismic profiles conducted in the area of the eastern margin of the
Japan Sea. The fold structures developed in the western part of the Horonobe area belong to a part of the
geological structures in a fold-and-thrust belt in the above tectonic belt. The folds were formed from east to
west by the E-W compressive stress, based on the study of the focal mechanism of micro-earthquakes and
the reflection seismic profiles described above®”. From the above findings, it is considered that, since the
Late Pliocene, the Horonobe area has been in the tectonic setting of the E-W compressive stress field, the

same as the current stress field.

In northern Hokkaido, where the Horonobe area is located, an uplift zone of the Mesozoic rocks with an
N-S direction, including the Kamuikotan Belt, exists near the central area of northern Hokkaido and
Caenozoic sedimentary basins are found on both sides of the uplift zone. The sedimentary basin in the west,
where the total thickness of sediments from the Neogene to the present has reached up to 6,000 m, is called
the Tenpoku Sedimentary Basin'®®. This has a width of about 60 km and is divided into three tectonic
provinces (east, middle and west) by the Omagari Fault and the Horonobe Fault, which are the main
tectonic lines running roughly in an N-S direction (Figure 4.5.3-5c). These tectonic provinces correspond
to the Tenpoku Coal Field area, the Wakkanai — east Toyotomi area and the Teshio Plain area”" respectively.
In the east province, the pre-Upper Miocene formations occur as an en echelon folds and overlie the
Cretaceous rocks. In the middle province, the uppermost part of the Middle Miocene formation to the
lowermost part of the Pliocene formation are present and are folded in en echelon pattern. In the southern
part of the middle province, asymmetric anticlines that are steep to the west and gentle to the east have
developed. The western part of the Horonobe area is a latest sedimentary basin with a distribution of
mainly the Pliocene — Quaternary formations and fold structures with a larger wavelength compared to the
other tectonic provinces. The surface outcrop of the Palacogene formations cannot be observed in this
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®D that the Palacogene formations

province, but it has been confirmed by deep boreholes drilled after 1970
are widely concealed subsurface in this area. As shown by the amount of subsidence during the Quaternary
and the distribution of active structures and hypocentres, crustal movement can be considered to be most

active in the western part of the Horonobe area’) (Figures 4.5.3-1 and 4.5.3-4).
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b: Tectonic division modified from Oka ~; ¢: Tectonic province in northern Hokkaido modified from Oka®"

iv) Volcanic and geothermal activity

The distribution of volcanic rocks in Hokkaido since the Neogene is summarised in Figure 4.5.3-6. Hirose
and Nakagawa'® divided Hokkaido into two provinces: central to eastern Hokkaido, i.e. the east side of
the Ishikari depression which is considered to be the junction between the current Northeast Japan arc the
Kuril Arc, and central to western Hokkaido, i.e. the west side of the depression. The temporal and spatial
variation of volcanic activity in Hokkaido since the Neogene was discussed, based on large volumes of
data from K-Ar dating and whole rock chemical compositions, as well as the style of volcanic activity such
as volume, rate and mode of eruption and edifice shape in these areas. The correlation between tectonics
and volcanic activity in and around Hokkaido was also studied. According to the results, the evolution of
volcanic activity in central to eastern Hokkaido since the Miocene would have reflected changes in the
tectonic setting of Hokkaido, such as the spreading of the back-arc basin (19—14 Ma; probably the Japan
Sea Basin), the significant oblique subduction of the Pacific Plate (9—1.7 Ma) and the jump of the plate
boundary.

- 160 -



JAEA-Research 2010-068

Lake Kusyu (18.2+1.2Ma) >

(17.8~18.6Ma)™
@ (18.1Ma)"®
Sukoton (10Ma)”

Rebun Is.

- 45°N- -+ - -

- hotsk
Momo Iwa (13.0+1.6Ma) > Oldhotsk Sea
(13.3~12.6Ma)™*
1
- - — =
Meshikuni F. (10.4:2.2Ma) ™ e a8 P-nQeshlrrﬁ?ﬂto.?Ma) |
(10~11Ma)™* T -
(10.4Ma)"® | o £|Otc.;i{uji (12.0:0.?{Ma)3|
l -
[Rishiri Is. {200~7ka)s Hakodake. (12.1 iO.SMa)_:
(10.2=0.5Ma)
Japan Sea (12.2~10Ma)™
/\/:J =< 1
140°E i Cape Soya 144°E
I : ’ <
I : U '
I : @

I
Okhotsk Sea

sissspansnsnsnnns

.
.
H
| H

I i (See above figure
-

|
[Yegishiri Is. (10.1Ma) O
[Pisshiridake F. (11.8Ma) ¥

Japan Sea
| Sapporo

I
Ishikari
Low Land

i

¢ Cape Erimo
B Quaternary volcanic rocks
[ Miocene-Pliocene volcanic rocks

Hakodate

Figure 4.5.3-6 Distribution of Late Caenozoic volcanic rocks in Hokkaido
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Simplified from Hirose et al."®®; K-Ar ages from (*1) Watanabe and Yamaguchim), (*2) Goto and Wada ™,
(*3) Goto et al.”®, (*4) Hirose and Nakagawa'®®, (*5) Ishizuka'®” and (*6) Shuto et al."®"

For the Rishiri volcano, the Quaternary volcano, which is located northwest of the Horonobe area, the
mode of eruption, volume and rate of eruptions and the changes in lithology over time have been closely
studied'””, together with a geological investigations of volcanic bodies, K-Ar dating of the major eruptive
products and existing tephrochronological studies in northern Hokkaido'*?. According to these studies, the
activity of the Rishiri volcano was presumed to have started abruptly around 200,000 years ago, with the
most recent eruption a few thousand years ago. Since the temporal variations in both eruption rate and
magmatic temperature of the volcano are consistent with a diapir model for a thermal source of magma
generation, the eruptive history of the Rishiri volcano can be explained by the ascent and cooling of a
single heat source (diaper). Northern Hokkaido, including the Rishiri volcano, is not considered to be a
geological setting where the thermal source is constantly ascending, because there is no evidence of other
volcanic activity such as fumarole activity in the last few thousand years and there are no Quaternary
volcanoes around Rishiri volcano. This is supported by the fact that the geothermal gradient and the
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terrestrial heat flow in northern Hokkaido are lower than at the volcanic front area (this area extends from

the Shiretoko Peninsula to the south side of Sapporo and reaches Hakodate)m).

The hydrothermal activity and mineralisation in Hokkaido was summarised by Yahata'*". According to
this, there are over 400 hydrothermal metallic deposits formed in the Late Caenozoic and 50 hypothermal
alteration zones including sulphur deposits and hydrothermal clay deposits. Those distributed over west
Hokkaido, east Hokkaido and the northeast of central Hokkaido (Figure 4.5.3-7). Based on the K-Ar ages
of hydrothermally altered mineral, categorisation was made on the modes of occurrence of ore deposit and
stratigraphy of the host rocks, the stages of the hydrothermal activity and the mineralisation. Relationships
between the characteristics of the hydrothermal activity and mineralisation in each stage and the tectonics
around Hokkaido were then discussed. As a result, the hydrothermal activity and the mineralisation of
Hokkaido can be categorised as follows: the formation of skarn deposits associated with igneous activity in
the continental areas (west Hokkaido, late Early Miocene), the formation of Kuroko deposits, Kuroko-type
deposits and bedded manganese deposits developed under the influence of the tectonics of the spreading
system in the Japan Sea (north-west of Hokkaido, Middle Miocene) and the beginning of the formation of
vein-type deposits (eastern part of central Hokkaido, Middle Miocene), hydrothermal activity and the
formation of vein-type deposits on land developed under the influences of the E-W compressive stress field,
regional uplift and associated igneous activity (west Hokkaido metallogenetic province and north-east
Hokkaido metallogenetic province, Late Miocene) and the formation of magnetic pyrite (FeS) deposits and
sulphur deposits in the area along the current volcanic front (Pliocene — Pleistocene). The study suggested

that a close relationship between tectonics and hydrothermal activity in Hokkaido'*".
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Figure 4.5.3-7 Distribution of Late Caenozoic hydrothermal ore deposits in Hokkaido

Simplified from Yahata'®

According to existing information, as described above, the evolution of volcanic activity in Hokkaido in

the Caenozoic age is closely related to the tectonics in and around Hokkaido. Hydrothermal activity and
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mineralisation associated with this type of volcanic activity have also evolved. This would indicate that, as
long as current tectonics do not change in the future, the area currently showing high volcanic and
hydrothermal activity (the Shiretoko Peninsula to the south of Sapporo to Hakodate) would not change
significantly in the future. This suggests that the possibility of volcanic and hydrothermal activity would be
low in northern Hokkaido in the future. However, the above perspective is based only on surveys of
existing information and the possibility cannot be ruled out that the existing information may have ignored
such small-scale or low temperature hydrothermal activity and mineralisation without any formation of ore
deposits. Although the thermal structure of Japan can be overviewed based on existing data for geothermal
gradient and terrestrial heat flow, the current situation is that there are insufficient data to determine more
detailed thermal structure, for example when identifying areas where geothermal gradient is changingl%).
In the future, it will be necessary to improve information based on existing information by studying the
possible existence of magma and high-temperature fluid in the deep subsurface of northern Hokkaido,

196)

using not only geological approaches but also geophysical methods ™ such as seismic wave tomography

and the MT method, in conjunction with model calculations and simulations.

v) Palaeoclimate

Global climate changes can be reconstructed from changes in the oxygen isotope ratio of foraminiferal
shells in deep-sea sediments'””. The climate changes in the Quaternary are characterised by repeated
cycles of glacial and interglacial periods. The cycles tend towards a colder climate during the Caenozoic
era. The cycles during 2.5-1 Ma are different from those in the last 1 Ma and amplitude of the cycles is
becoming larger. The principal cycle in the former period was about 40,000 years; in the latter it is about
100,000 years. The change in cycles was not sudden but gradual during the period from 1.2-0.7 Ma'®".
According to the climate change curve based on the change in the oxygen isotope ratio, the change from a
temperate climate in the interglacial period to a cold climate in the glacial period progressed gradually
during the era when the 100,000 year cycles were dominant, while the change to the temperate climate
period was sharp. The current climate is considered to be in a stage slightly after the peak of the temperate
climate in the interglacial period. The altitude above sea-level of the Sarobetsu Lowland, which occupies
most of the western part of the Horonobe area, is about 2.5-3 m on average and is mostly below about 5 m.
The area to the west of the Horonobe area is sea with a depth shallower than 100 m, extending about
30—45 km offshore in horizontal distance. For this reason, changes in the shoreline in the Horonobe area
owing to sea-level change and associated spreading or receding of the land area are foreseen for the next
100,000 years and longer. When considering the palaeoclimate of the Horonobe area, important points are
that the continental shelf extending to the west of the Horonobe area emerged extensively owing to
lowering of the sea-level during the glacial period, the Horonobe area was an inland environment for most
1) and the

)in

of the last glacial stage owing to the connection of the Soya Strait and Sakhalin by a land bridge
Japan Sea and the western part of the Okhotsk Sea were thought to be frozen during the winter season’

a glacial period.

The temporal variation of the palacoenvironment in northern Hokkaido under the global climate changes
described above was estimated from the types and distribution of fossil periglacial landforms formed in the
glacial period and by reconstructing the vegetation based on pollen analyses.

In present-day northern Hokkaido, currently in the period slightly after the peak of the temperate climate of
the interglacial period, there are woodlands consisting of sub-arctic trees (e.g. Sakhalin fir) and
cool-temperate broad-leaf trees (e.g. Japanese oak), randomly mixed as single trees or as grove and
forming ‘pan-mixed’ forest (mosaic-like mixed forest with broad-leafed and coniferous trees)'””. From the

- 163 -



JAEA-Research 2010-068

results of reconstruction of the vegetation history in Hokkaido, the above forests are considered to have
been developed over 5,000-8,000 years ago, at the beginning of the most temperate period of the
Holocene®™. However, the results of pollen analysis of boring cores obtained from Koetoinuma (pond) in
Wakkanai City, that are considered to illustrate the evolution of the vegetation from about 8,000 years ago
until recent times in northern Hokkaido, show that the appearance of forest consisting of Japanese oak as
the principal variety was found in the upper part of the core sample®®". The present climate of northern
Hokkaido is thus concluded to have become developed later compared to other areas of Hokkaido.

The palaeoclimate of northern Hokkaido since the last glacial stage was estimated from the analysis of
pollen sampled from the Kenbuchi Basin located south of the Horonobe area” (Figure 4.5.3-8). Based on
the reconstructed vegetation history for the last 32,000 years or so, taiga consisting of Ezo spruce (Picea
Jjezoensis) and Sakhalin spruce (Picea glehnii) as the main varieties together with Dahurian larch (Larix
gmelini), which is comparable with the current vegetation in central Sakhalin, was prevalent
25,000-32,000 years ago. The Steppe with open Siberian dwarf pine (Pinus pumila) forest as the main
varieties, which can be currently seen in the north of Sakhalin, would have been present
16,000-25,000 years ago, during the Last Glacial Maximum (LGM — the time of maximum spread of the
ice sheets, coldest climate period, during the last glacial stage). A significant drop in the numbers of
Dahurian larch and Siberian pine was seen 12,000—16,000 years ago during the interstadial period and the
coldest climate period corresponding to the LGM returned 10,000-12,000 years ago. After this period, the
temperature gradually became warmer and the current forests are presumed to have been developing about
8,000 years ago.

In northern Hokkaido, fossil periglacial landform in the glacial period is found”. Since the conditions are
different for each periglacial phenomenon, the environment when the phenomenon was formed can be

estimated from the combination of fossil periglacial phenomena. Miura and Hirakawa"

re-examined the
fossil periglacial wedges in particular and reconstructed the permafrost environment at the time of
occurrence of the periglacial wedges. According to their results, during the last glacial stage the areca
extending from the Okhotsk Coastal Plain to the Konsen Plain formed the southern limit of the continuous
permafrost zone with an average annual air temperature of -7°C between 12,000 and 42,000 years ago. The
Tokachi Plain and the north area facing the Japan Sea had discontinuous permafrost conditions with an air
temperature range of -7 — -3°C. The annual temperature range was large and winters were very cold. The
southern limit of the discontinuous permafrost is more or less consistent with that of the open forests

consisting of Dahurian larch and Siberian pine during the LGM (Figure 4.5.3-8).

As outlined above, the palacoenvironment of northern Hokkaido during the glacial period was quite
different from the current environment and is estimated to have been similar to that of present-day northern
Sakhalin. Given that climate change is periodical, there is a high chance that the vegetation as
reconstructed above will be repeated in the future. However, since vegetation changes depend on altitude,
precipitation and distance from the shoreline, the estimation of the palacoenvironment in the Kenbuchi
Basin and Koetoinuma of Wakkanai City would not necessarily be applicable to other areas of northern
Hokkaido. On the other hand, once past vegetation has been reconstructed, not only the temperature but
also the precipitation in the past can be determined to some extent by comparing the reconstruction with
vegetation currently found on earth. Since precipitation and vegetation are important parameters for the
estimation of the recharge volume in the future, it is important to reconstruct the vegetation by analysing
pollen samples obtained from the Horonobe area and also to reconstruct the palacoenvironment, including
temperature and precipitation.
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(2) Study covering the Horonobe area and the western sea area

1) Investigations based on existing information

i) Uplift rate

The uplift rate calculated based on the marine terraces in the western part of the Horonobe area is shown in
Figure 4.5.3-9. The estimations of the uplift rate showed a maximum difference of about a factor of two
owing to differences in the MIS correlation of the marine terraces in the existing literature”""*”; the uplift
rate estimated based on MIS 7 was about 0.29-0.34 m ky ' by Koike and Machida"*” whereas it was about
0.16-0.26 mky "' according to Koaze et al.” The uplift rate near the Sarobetsu Anticline (the area
surrounded by the dashed line in Figure 4.5.2-4), an active fold, was estimated to be larger than that for the
surrounding area, based on the MIS correlation by Koike and Machida'*”. Taking MIS 5e as an example, it
is about 0.60 m ky™ at the anticlinal axis and about 0.48 m ky™ at the fold limb. This indicates local uplift
at the anticlinal axis owing to the activity of the Sarobetsu Anticline”. The Sarobetsu Anticline plunges
forward more or less north-west. In this case, the altitudes of the marine terraces classified as being of the
same MIS stage would show a trend of being lowered towards the north in a direction perpendicular to the
fold axis. However, this trend was not observed for the Sarobetsu Anticline. When considering the

plunging of the fold axis, the influence of local uplift at the anticlinal axis was even larger.

MIS correlations of marine terraces are important for investigation using marine terraces. Depending on

the correlation, the estimations of uplift rates and of the former shoreline vary greatly. For example, Koike
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and Machida'®” estimated the formative age of the marine terrace surfaces from age of the tephra covering
the surface of the marine terrace exposed at Keihoku in Wakkanai City and extended the MIS correlation to
the marine terrace in the Horonobe area, based on the geomorphic features of the terrace surface; Koaze et
al.”, on the other hand, extended the MIS correlations for the marine terrace surface of MIS 5e to the
Horonobe area based on stratigraphical and geomorphic features such as the tephra stratigraphy
constructed in the Tomamae — Haboro area (Figure 4.1.2-1) and the dissection ratio of the marine terrace
surfaces. In neither of the above cases is the formative age of the marine terraces obtained by undertaking
field surveys in the Horonobe area. The formative age of the marine terrace surfaces in the area should
therefore be clarified by field surveys and the MIS correlation in and around the Horonobe area should be
improved using the marine terrace surface whose formative age has been clearly defined. Precise
age-determination and MIS correlation of marine terrace surfaces by field investigation should be carried
out at the base for high resolution estimates of uplift rate and more detail examination of the time and
spatial distribution of the uplift rate. When estimating the spatial distribution of uplift and uplift rate, it is
important to consider the active structures in the area, as derived from the case of the Sarobetsu Anticline.
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Figure 4.5.3-9 Plot of uplift versus time for a sequence of marine terrace surfaces
Open triangles for marine terrace surfaces at the Sarobetsu Anticline shown in Figure 4.5.2-4

ii) Current topography

It has often been pointed out that the topography and the drainage systems at the Soya Hill and the
northern Teshio Mountains (Figure 4.1.2-1), where the Horonobe area is located, are related to the
penetration pattern of valleys that reflects geological structures and lithologies”. When considering the
overall pattern of the drainage system for the northern half of the Soya Hill, the consequent valleys (valleys
formed along the fall line of the ground surface) extending E-W from the ridgeline of the hill aligned in an
N-S direction and the subsequent valleys (valley with flow paths adapted to the geological structure) in an
N-S direction along the strikes of the stratum, form a reticular pattern. At a detailed level, the patterns of
the drainage system vary depending on the stratum; parallel or sub-parallel and the geomorphic quantity,
for example, the drainage density also varies”. Existing information®®” also explains differences in the
hills morphology based on differences in the combination of physical properties of the rock, i.e. the
physical strength and the hydraulic conductivity (or infiltration capacity), by comparing data on the

physical properties of each stratum and on geomorphology.

The above facts illustrate that the geomorphological processes in the Horonobe area developed under rock
control. Hence during the surface-based investigations, data on the geomorphology and the physical

properties of the rock need to be acquired for each stratum; for simulating the future evolution of the
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topography in the Horonobe area based on the obtained data, a programme that will use different
parameters for each stratum should be applied.

2) Surface-based investigations

i) Seismicity

The distribution of hypocentres calculated using ‘hypomh’ and multiplet clustering (MC) techniques and
focal mechanisms are shown in Figure 4.5.3-10. The spatial variation for hypocentres is large in the
analysis utilising ‘hypomh’ since the error in determining the hypocentres is large. In contrast, in the MC
analysis, some concentrations of hypocentres were observed because the accuracy in determining the
relative positions of hypocentres and hypocentre clusters is considered to be better than ‘hypomh’ analysis,
i.e. the average value for RMS in each multiplet group is as small as 0.09—-0.16 s. In particular, there are
concentrations of hypocentres in zones A and B as shown in Figure 4.5.3-10. From the results of the MC
analysis, it can be seen that hypocentres become deeper toward the west and the distribution is close to the
N-S or NNE-SSW direction. This direction is consistent with the N-S trending geological structures of the
near surface in northern Hokkaido.
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Figure 4.5.3-10 Hypocentre distribution relocated by ‘hypomh’ (cross) and MC analysis
(colour solid circle and hexagon) and focal mechanisms (top-left)
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Focal mechanisms were also estimated based on data on first motion polarity of the P-wave in this analysis,

assuming the hypocentre forces to be a double-couple. FP FIT*®

was used for the analysis. According to
these results, reverse type and lateral type faults were in the majority and the area is assumed to be in a

horizontal and compressive stress field, although variability in the direction of the P axis was observed.

As described above, the boundary of the North American (Okhotsk) Plate and the Eurasian (Amurian)
Plate is assumed to be at the eastern margin of the Japan Sea located to the west of northern Hokkaido™"®.
This assumption is based on the distribution of the high-seismicity zone and active structures extending
from N-S to NNE-SSW, the direction of the slip vectors of earthquakes, and recent data on crustal
movement obtained with GPS. However, this plate boundary is hard to represent as a single line and it may
be more realistic to assume multiple boundaries in the wider mobile belt, including the old plate boundary
in Hokkaido. Ohtake*” pointed out that the above plate boundary should not be interpreted as a simple
subduction zone but as a collision boundary where various fault activities may occur depending on local
conditions. This is based on the fact that the fault plane of the Hokkaido Nanseioki Earthquake (M 7.8) in
1993, which occurred in the above mobile belt, was complex in configuration; dipping east in the northern
part and west in the southern part.

The hypocentre of the micro-earthquake cluster in the Horonobe area is thus distributed in an N-S or
NNE-SSW direction under a horizontal compressive stress field, but directions for the P axis and the fault

planes are assumed to vary widely, reflecting the complex structure at the eastern margin of the Japan Sea.

Since the data used in this analysis were obtained over a short time period of slightly less than three years,
the number of events identified as multiplets was very small and the certainty of the results cannot be fully
guaranteed. For example, Moriya et al.”” identified multiplets for 5,000 or more earthquakes and studied
the relationship between the distribution of hypocentres and the subsurface structures based on a large
number of multiplet data. Together with the accumulation of seismic observation data, determination of
hypocentres based on the data obtained and a study of the relationships between seismicity and subsurface
structures will be required in the future.

With regard to the influence of earthquakes on groundwater pressure, changes in the pressure before and
after the occurrence of the 2003 Tokachioki earthquake were investigated. According to data on
groundwater pressure obtained over 10 days before and after the earthquake (Figure 4.5.3-11), the pressure
increased four days before the earthquake, decreased during the period from two days before the
occurrence and increased again immediately after the earthquake in three monitoring intervals of borehole
HDB-1. Altogether, the change was around 1 kPa. The significant change immediately after the occurrence
of the earthquake was due to electrical noise caused by a power cut.

There are some case studies on the change in groundwater level immediately after earthquakes in
Hokkaido. For the case study”® targeting major earthquakes of more than M 7.5 that occurred in and
around Hokkaido during the period 1993-1994, assuming the volumetric strain on the crust owing to the
earthquake and seismic motion to be two factors, theoretical studies were conducted for a model where the
change in water level was influenced only by the volumetric strain, a model that was influenced only by
seismic motion and a model combining the two factors. The extent of the change in groundwater level
immediately after the earthquakes that were reported in various locations in Hokkaido could be explained
consistently by the regional crustal strain caused by the fault movement as a whole. The response
sensitivity was estimated as 1.6-19.6 mm per 10°® strain. In the study of the 2003 Tokachioki

210)

earthquake™ ", the distribution of theoretical volumetric strain in Hokkaido was calculated using the source
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fault model and the correlation between groundwater level and artesian flow volume immediately after the
earthquake was investigated. The theoretical volumetric strain near the Horonobe area caused by the 2003
Tokachioki earthquake was about 107 and the response sensitivity of the water level against strain was
estimated as 1.5-17.9 mm per 10® strain®'”. According to these calculations, a variation in groundwater
level of about 1-10 cm might have been observed in the Horonobe area before and after the earthquake in
2003 had measurements been made.

The changes in groundwater pressure seen before and after 26™ September 2003 might be due to the
earthquake. However, similar changes in groundwater pressure were also observed at times other than
when earthquakes occurred (Figure 4.5.3-11, data obtained on 2™ October 2003). The data on groundwater
level have to be compared with diurnal changes due to tides and precipitation and data collection and
analysis should be continued in the future.
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Figure 4.5.3-11 Variation with time in groundwater pressure observed in borehole HDB-1 before
and after 2003 Tokachioki earthquake during 15" September to 6™ October 2003
Earthquake data from National Research Institute for Earth Science and Disaster Prevention
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ii) Regional tectonics

The amount of horizontal shortening and the horizontal strain rate around the Horonobe area were
estimated by a geodetic method using GPS observation data and triangular survey data and by a geological
method using active tectonics data and geological cross-sections. The estimate for the strain rate in the area
was 10°-107 y"' with the geodetic method and 10°-10® y"' with the geological method. The values
obtained using the two methods were similar; the strain rate from the geological method was smaller than
that from the geodetic method by a maximum of a factor of 10 (Figure 4.5.3-12).
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Figure 4.5.3-12 Estimation of horizontal crustal strain rate using different methods
Shaded relief map after GSI'"®

It is generally the case that estimates using the geological method based on data on active faults and
historical earthquakes tend to be smaller than those obtained by the geodetic method by a factor of around
10. Sagiya et al."*® argued that such differences were due to the fact that the strain rates estimated by the
geodetic method were influenced by local strains, while those estimated by the geological method reflected
the long-term plastic strain in the crust. They also pointed out that the short-term strain contains
after-shock motion'*®. In fact, changes in both the trend and the rate of crustal movement were seen before
and after the occurrence of the 2003 Tokachioki earthquake, based on the analytical results for crustal
movement using GPS data (Figure 4.5.3-13). In addition, a large number of fault and fold structures
forming the fold-and-thrust belt can be seen in the geological cross-sections (Figure 4.5.3-14) and the
calculated results for the horizontal crustal strain rate using the geological cross-section reflect the plastic
strain of the crust.

The period of after-shock motion (2-3 years or over 10 yearslss)) and the period of geodetic observations
(several years to around 100 years) are clearly shorter compared to the recurrence interval of major
earthquakes with magnitudes over eight around Hokkaido (500—1,000 years®'"). This means that the GPS
data for about three years and the data from triangular surveys around 100 years in the Horonobe area are
highly likely to have been influenced by cyclical movements that occur in longer cycles than the

observation period used in the geodetic method.

From the viewpoint of the long-term stability of the geological environment, the trend of the crustal
movement and the horizontal crustal strain rate should therefore be obtained using the geological method
that covers duration of more than several tens of thousands of years. Active fault data obtained using the
geological method and the calculated results for strain rate using the geological cross-section would be

most suitable for the construction of the restored geological cross-section discussed below.
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Figure 4.5.3-14 Estimation of horizontal crustal strain rate at Section 2 shown in Figure 4.5.3-12

using the geological cross-section method

Partly modified from Kato and Sato®'?

The restored geological cross-sections for the last 2.5 million years, prepared by integrating existing
information and the results in Section 4.1, is shown in Figure 4.5.3-15. It can be seen from this figure that
the Tenpoku Sedimentary Basin located to the east of Rishiri Island has gradually been deepening on a
scale of a million years, geological structures of the fold-and-thrust belt has been formed from the east and
faults and folds tend to develop on the west side of the cross-sectional area, although these are relatively
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small in scale. This would indicate that the sedimentary basin has tended to narrow from both the east and
west sides, centred on the west of the Horonobe area. In particular, the shortening on the east side is
significant. This could be related to the westward migration of the depositional area since the Pliocene in

the Horonobe area””.

The restored geological cross-sections for the last 2.5 million years were used as input for evaluating the
temporal variation of groundwater flow conditions (see Subsection 4.2.4). However, there are factors that
have not been taken into account in the cross-section; these include the temporal variation in thickness of
formations owing to the consolidation of the stratum by sedimentation and burial diagenesis and to the
deformation by E-W compressive stress, In addition, it included balancing the formations before and after
deformation and the geometric restriction regarding the formation of fault/fold structures. Moreover, there
is a limitation in the sense that the past geological cross-section cannot be restored as accurately as the
current cross-section. Therefore, both the current and the past geological cross-sections may have to be
treated as conceptual, even though consistency with the investigation results in Phase I (i.e. the geological
model in Section 4.1) was taken into account.

The restored geological cross-sections will be revised in the future taking into consideration the temporal
variation of the thickness of the formations on balanced cross-sections, based on data obtained with
progress of the investigations, in order to make the cross-section more realistic. It should be noted that
such cross-sections represents the best-possible approximations of the geological structures that actually
existed. For the revision of the cross-sections, it would be of importance to show the premise and data
uncertainty and to include the most up-to-date results'® of investigations by external research institutes,
such as universities.

w E

2.5 Ma

Rishiri Island Shoreling

Miocene

Pallaeogene and Cretaceous (| (Wakkanai Formation) ! Ql.z.ale_maryI ) 10 km
— Miocene o " (Yuchi and Sarabetsu Formations)
(Masuporo and Onishibetsu Formations) [0 Fliocene

(Koetoi and Yuchi Formations) \ Fault

Figure 4.5.3-15 Conceptual reconstruction at the geological cross-section in the Horonobe area
Cross-section along the red line shown in Figure 4.5.2-7
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i) Estimation of uplift and uplift rate

The deposits of the marine terraces in the Shimonuma district of Horonobe Town are about 5 m in
thickness and alternating beds of medium- to coarse-grained sandstone and sandy gravelstone. The loess
distributed above these is 2 m in thickness and consists of red loess, whitish to pale brown loess, grey
tephra and brown loess in ascending order (Figure 4.5.3-16). The terrace deposits contain fragments of
volcanic glass, orthopyroxene and amphibole, but it was difficult to identify the key tephra beds because
the refractive index of the orthopyroxene and the chemical composition of major elements for the volcanic
glass are very variable. On the other hand some tephra was identified in the loess covering the terrace
deposits. Two horizons were identified in the red loess, based on the content of heavy minerals such as
olivine; three horizons were identified in the whitish to pale brown loess covering the red loess, based on
the content of bubble-type volcanic glass and the refractive index of the volcanic glass and the
orthopyroxene. Based on these observation and on the results of the EPMA analysis for the volcanic glass
contained in the above tephra horizon, the whitish to pale brown loess was inferred to include
Kutcharo — Haboro tephra (Kc-Hb; 115-120 ka*'?), Rishiri — Acharu tephra and Shikotu-1 tephra (Spfa-1;
40-45 ka*'") in ascending order. Since the grey coarse-grained tephra covering the whitish to pale brown
loess which is composed mostly of lapilli with about 2 mm in diameter contains a large amount of olivine,
it can be correlated to the Rishiri — Hotoku tephra (Rs-Ho; the Latest Pleistocene'®?). The '*C age of
charcoal in the brown loess covering the grey tephra was 12,490 + 60 y BP. Therefore, the whitish to pale
brown loess was considered to have been deposited after MIS Se (about 125,000 years ago).

The red loess, with a thickness of about 1 m, lies below the whitish to pale brown loess. The rate of
deposition of aeolian dust in Japan is calculated as 13.5-22.9 mm per 1,000 years for the last glacial stage
and 3.6-7.1 mm per 1,000 years for the present (post-glacial period), based on the thickness and the
depositional age of loess in the palaco sand dunes developed along the coastal area of the Japan Sea”.
Therefore, red loess with thickness of about 1 m is considered to have been deposited over a period of
around 100,000 years. Taking into consideration the depositional period for the red loess, the formative age

of the marine terrace of interest for the investigations is most likely to be MIS 7 (about 214,000 years ago).
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Uplift rate (vertical crustal movement) was calculated by re-correlating the MIS stages of the marine
terraces distributed around the Sarobetsu Anticline in the western part of the Horonobe area; taking into
consideration the formation age of the above marine terrace, the current altitude and the eustatic changes in
sea-level, the resulting uplift rate is about 0.3 m ky ™' (Figure 4.5.3-17).

The formation ages of the marine terraces in the Horonobe area could not be determined in the Phase 1
investigations except for the Shimonuma district, but could be determined by a combination of
geomorphological methods, RIPL methods and dating techniques. The distribution of the marine terraces,
their formation age based on the MIS correlation and uplift rates calculated using these methods will
represent basic input for the construction of a restored geological cross-section as discussed previously; the
restoration of the palacogeography will be discussed in the next section.
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Figure 4.5.3-17 Uplift rate for marine terrace surfaces around the Sarobetsu Anticline

a: Geomorphic map (see Figure 4.5.2-4 for location); b: Plot of uplift versus time
Solid circles for estimation by Koike and Machida'”; Solid triangles for estimation by Koaze et al.”
Open circles and triangles from the results of this study

iv) Palaeogeography

The assemblages of fossil diatoms sampled from the upper Koetoi Formation at the western limb of the
Sarobetsu Anticline in the western part of the Horonobe area could be clearly correlated with the
Neodenticula koizumii Zone (Late Pliocene diatom zone)*”. The assemblage contains fossil diatoms of N.
seminae, whose first appearance age is about 2.4 Ma. FT age of zircons included in volcanic ash from the
upper Koetoi Formation is 2.3 + 0.1 Ma?”. This indicates a clear distribution of a late Pliocene diatom zone
in the upper Koetoi Formation and the FT age of the volcanic ash is consistent with this zone®”. These
results show the depositional age of the upper Koetoi Formation in the western part of the Horonobe area
was confirmed to be about 2.3 Ma. Comparing the depositional age with that of the Koetoi and Yuchi
Formations in the eastern part of the Horonobe area'>”, there is at least one million years difference in the
depositional age between locations in the east and the west with a separation of slightly more than 10 km;
the western area is obviously younger than the eastern area (Figure 4.5.3-18). The same trend was also
observed near the boundary between the Yuchi Formation and the overlying Sarabetsu Formation; the age
of the boundary in the eastern part of the Horonobe area (the Toikanbetsu district) is about 2.4 Ma and that

in the western part of the area is about 1.3 Ma®'®. These results could be explained by the fact that the area
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of maximum deposition (depocentre) in the area migrated towards the west after the Pliocene. This
westwards migration of the depocentre is assumed to be largely related to tectonic movements such as
faulting and folding, considering that the eastern edge of the depositional area in both the eastern and
western areas of Horonobe is bounded by faults and folds. The longitudinal axis of each depositional area
zone is coincident with general trend of the geological structures in the Horonobe area, i.e. in the direction
of NNW-SSE, and the strain of the stratum is smaller towards the west.

Based on the results of investigations on the gravel compositions of the Sarabetsu Formation in the western
part of the Horonobe area, a conglomerate layer containing the Tertiary was found in the formation. The
present location of the Soya Hill, where Tertiary sedimentary rocks are widely distributed, was considered
to have been at a reasonably high altitude during the depositional period of the Sarabetsu Formation.

From the analytical results of fossil diatoms, it was found that Miocene fossil diatoms of the Masuporo
Formation significantly occurs as derived fossil in the Yuchi Formation and that Neodenticula
Kamtschatica®” abundant in the Koetoi Formation is present in significant amounts as a resedimented
fossil in the Sarabetsu Formation (Figure 4.7.2-5). The presence of resedimented diatoms is considered to
demonstrate a denudative environment during the time of deposition. The area around the western edge of
the Soya Hill was thus considered to have been a denudative environment in the latter half of the Late
Pliocene considering the abundance of extinct species in the Miocene occurring as resedimented fossils in
the Yuchi Formation, the depositional ages of the Yuchi and the Sarabetsu Formations, the distribution of
the Masuporo and Koetoi Formations and the frequency of occurrence of resedimented fossil diatoms.
Both eastern and western parts of the Soya Hill were considered to have been in the denudative
environment since the latter half of the Early Pleistocene when N. Kamtschatica was extremely abundant.

As a result of the sedimentary facies analysis of the lowermost part of the Sarabetsu Formation exposed in
the eastern part of central Horonobe Town, the sedimentary environments of the Formation were assumed
to have been lagoons (seashore lakes), tidal inlets, shorefaces and the beach-shorefaces (Figure 4.5.3-19).
In other words, the lower most part of Sarobetsu Formation at the point of the investigation was thus a
depositional coastal region with a predominance of ocean waves and storms, i.e. the palacoenvironment of
the area from the inner bay to the barrier. From the results of sequence stratigraphy analysis based on the
above, three depositional sequences could be identified with three cycles of change in relative sea-level.
With this evidence, the sedimentary environment of at least the lower most part of Sarabetsu Formation at
the investigation location was thought to have consistently been a coastal area. Given the result of FT
dating of the lower Sarabetsu Formation®™, the eastern part of central Horonobe Town was considered to
have consistently been a coastal area in the earlier half of the Early Pleistocene.

The Teshio River rises from the Mount Teshiodake in the mid Kitami Mountains, flowing north along the
eastern foot of Teshio Mountains, crossing the Teshio Mountains near Otoineppu and then the Soya Hill
near Horonobe before flowing into the Japan Sea (Figure 4.1.2-1). This demonstrates that the flow channel
of the Teshio River was defined before the uplifting of the Teshio Mountains and the Soya Hill.

Summarising the discussions above, the palacogeography of the Horonobe area over the last three million
years can be reconstructed (Figure 4.5.3-20). It can be seen that the land area of Horonobe expanded
westwards, with development of structures associated with a fold-and-thrust belt. Based on the formation
ages and distribution of the marine terraces in the Horonobe area, the detailed palacogeography for the last
approximately 210,000 years was also reconstructed (Figure 4.5.3-21). Clearly the land area has gradually
expanded westwards, along with extensive changes in the shoreline owing to eustatic sea-level changes.
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Figure 4.5.3-21 Palaeogeography in and around the Horonobe area from MIS 7 to the present

(right), based on the formation ages and distribution and of marine terraces (left)

It is clear that the palacogeography in the Horonobe area evolved with interaction between tectonics such

as faulting and changes in climate and sea-level. In other words, when methods for evaluating an impact of
natural phenomena are applied taking the Horonobe area as a case study, it is important to evaluate the

influence of interactions among natural phenomena such as faulting, uplift/subsidence and sea-level
changes on the deep geological environment, rather than considering these phenomena individually.
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(3) Study covering the Hokushin district of Horonobe Town (in and around the URL area) through
surface-based and borehole investigations

i) Amount and rate of erosion

The current geothermal gradients of areas occupied by the Tertiary were about 2.0-5.0°C per 100 m in
Hokkaido. In particular, gradients of 3.0—4.5°C per 100 m are seen widely over northern Hokkaido®'®. In
and around the Horonobe area, palacogeothermal gradients have been obtained in the north (MITI Tenpoku
borehole) and the southeast (Kitakawaguchi SK-1 borehole) of Horonobe Town'". From these data, the
palacogeothermal gradient in the Horonobe area was estimated to be 3.5°C per 100 m. For the ground
surface temperature of the Horonobe area, the average temperature at the mouth of 13 boreholes, including
the MITI Tenpoku borehole'”, and the average ambient air temperature observed at the JMA Teshio
Weather Station for 1979-2000 were 15°C and 6.2°C respectively. The amount of erosion (amount of
denudation) was estimated, taking these temperatures as the ground surface temperature at the time when
the palacogeothermal gradients were obtained®”.

The ages of the Neogene volcanic rocks in and around the Horonobe area are mostly clarified from
radiometric dating; they all show ages older than 10 Ma (Figure 4.5.3-6). No existence of dykes that could
be a thermal source and no changes in mineral compositions and degree of thermal maturation associated
with hydrothermal activity were reported“) from the surface geological surveys and borehole
investigations in and around the Horonobe area. It could therefore be concluded that the transformation of
the silica minerals were attributed to burial diagenesis and were not influenced by igneous and

hydrothermal activity after diagenesis.

Given the above conditions, the depth where opal A became opal CT in the past was assumed to be about
860-1,250 m. This is consistent with the burial depth of 800-1,100 m'® in northern Hokkaido that was
obtained from the porosity — depth curve of siliceous rocks. The amount of erosion can be estimated from
the differences between these depths and the depth of the current boundary between opal A and opal CT.
As a result, the amount of erosion at the locations of the borehole investigation was estimated to be at least
435-820 m (Table 4.5.3-1). The boundary between the Wakkanai Formation and the Koetoi Formation
exposed at the ground surface is consistent with the boundary between opal A and opal CT. Thus, the
boundary (based on the geological model; see Section 4.1) can be used as the reference surface for
estimating the amount of erosion (denudation). A contour map was drawn for the amount of erosion in the
Hokushin district of Horonobe Town based on the boundary between opal A and opal CT at the each
location of borehole and between the Wakkanai Formation and the Koetoi Formation on the ground surface
(Figure 4.5.3-22). In the case where the temperature for opal A to become opal CT is 45°C and the ground
surface temperature is taken as 15°C, the amount of erosion is presumed to be in excess of 860 m at the
anticlinal axis and about 275 m around borehole HDB-7 at the limb of the anticline. For the areas in and
around the Hokushin district, about 860 m and about 1,250 m above the boundary between opal A and
opal CT correspond to close the base of the Sarabetsu Formation and in the Sarabetsu Formation,
respectively. It can therefore be considered that the Hokushin district has not been a subsidence area since
0.7-1.3 Ma'?, which is the depositional period of the Sarabetsu Formation. The amount of erosion in the
Hokushin district discussed so far is the value per one million years over the past. When converting the
value into the erosion rate (per 1,000 years), it is estimated as around 0.66—1.79 m ky™" at the anticlinal axis
where the uplift is the largest and around 0.21-0.86 m ky ' at the limb of the anticline where it is small
(Table 4.5.3-2). According to Koike and Machida"", the uplift rate in and around the Horonobe area is
0.27-0.55m ky'l, which is similar to the rate of erosion estimated here.

- 178 -



JAEA-Research 2010-068

Table 4.5.3-1 Depth of transition from opal A to opal CT and amount of erosion in each borehole

Amount of erosion [m] Amount of erosion [m]
Depth of opal A/ (Ground temperature: 15°C) (Ground temperature: 6.2°C)
Borehole opal CT' boundary Opal AJopal CT Opal Alopal CT Opal Alopal CT Opal Alopal CT
[mbgl] transformation transformation transformation transformation
temperature: 45°C temperature: 50°C temperature: 45°C temperature: 50°C
HDB-1 324.99 535 675 785 925
HDB-2 41.38 820 960 1,070 1,210
HDB-3 426.05 435 575 685 825
HDB-4 100.05 760 900 1,010 1,150
HDB-5 99.95 760 900 1,010 1,150
HDB-6 262.21 600 740 850 990
HDB-7* nd'™ (225) (350) (475) (600)
HDB-8 102.35 760 900 1,010 1,150
HDB-9** nd (860) (1,000) (1,110) (1,250)
HDB-10 320.18 540 680 790 930
HDB-11 460.38 400 540 650 790
H15-1-01** nd (600) (725) (825) (975)
H15-1-07** nd (650) (800) (900) (1,050)

*Amount of erosion based on Figure 4.5.3-22; **Estimation on the basis of relationship between sterane/sterene ratio and palaeogeothermal
temperature; TOpal CT detected by XRD; nd: not determined (boundary not observed in the borehole)

2,

Figure 4.5.3-22 Amount of erosion in the URL area

Contour maps created by build-in-tool (Girding Method) of Golden software “Surfer 8”
Estimation of the amount of erosion based on the depth of opal A/opal CT boundary
in boreholes (orange circle) and the geological model by Ishii and Yasue*?

Table 4.5.3-2 Erosion rate estimated for each borehole

Erosion rate [m ky ] Erosion rate [m ky™]
(Ground temperature: 15°C) (Ground temperature: 6.2°C)
Borehole Opal Alopal CT transformation Opal A/opal CT transformation Opal A/opal CT transformation Opal A/opal CT transformation
temperature: 45°C temperature: 50°C temperature: 45°C temperature: 50°C
Start of erosion: 1.3 Ma Start of erosion: 1.1 Ma Start of erosion: 0.9 Ma Start of erosion: 0.7 Ma
HDB-1 0.41 0.61 0.87 1.32
HDB-2 0.63 0.87 1.19 1.73
HDB-3 0.33 0.52 0.76 1.18
HDB-4 0.58 0.82 1.12 1.64
HDB-5 0.58 0.82 1.12 1.64
HDB-6 0.46 0.67 0.94 1.41
HDB-7 0.17 0.32 0.53 0.86
HDB-8 0.58 0.82 1.12 1.64
HDB-9 0.66 0.91 1.23 1.79
HDB-10 0.42 0.62 0.88 1.33
HDB-11 0.31 0.49 0.72 1.13
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The results of estimation for the amount of erosion depend largely on the reference data such as ground
surface temperature, palacogeothermal gradients and the transformation temperature of silica minerals.
Therefore, when estimating the amount of erosion using the mineral compositions of sedimentary rocks,
these reference data have to be well understood.

The correlation between palacogeothermal temperature and the sterane/sterene ratio, a type of cyclic
isoprenoids, was investigated by converting depth into palacogeothermal temperature with the horizon of
opal CT as a reference. Isoprenoids are bioorganic matters widely found in animals, plants and
micro-organisms. A positive correlation was observed for the palacogeothermal temperature range of
40-60°C (Figure 4.5.3-23). This demonstrates that the organic ratio in rocks, i.e. the sterane/sterene ratio,
is valid as an indicator for the maximum temperature experienced by the rock during diagenetic evolution.
If the palacogeothermal gradient can be estimated, the temperature conditions estimated from the
sterane/sterene ratios can be converted into depths. The amount of erosion in the areas of interest could
thus be estimated based on the palacogeothermal gradient and depth profile of sterane/sterene ratio in the

present, as is the case for silica minerals.

Siliceous rock (shale, diatomaceous mudstone) formations that have similar characteristics to the Wakkanai
and Koetoi Formations are seen in the upper part of the Middle-Upper Miocene in Hokkaido and the
petroleum province along eastern margin of the Japan Sea. Examples include the Yakumo Formation in the
south-western Hokkaido, the Onagawa Formation in Akita, the Kusanagi Formation in Yamagata and the
Nakayama Formation in Sado Island, Niigatasz). These formations consist primarily of diatoms, with
organic compositions similar to those of the Wakkanai Formation. Therefore, the method estimating for
palaecogeothermal temperature with the sterane/sterene ratio as an index discussed above could be applied
to these formations. It could also be applied to other sedimentary formations if there is not a significant
variation of the whole rock chemistry, the mineral and organic compositions in the formation of interest.
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Figure 4.5.3-23 Relationship between palaeogeothermal temperature and sterane/sterene ratio
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ii) Geomorphological processes

The spatial distribution geomorphic data in the Hokushin district of Horonobe Town is shown in Figures
4.5.3.24-4.5.3-27. The topographical profiles for each formation and landslide landforms are shown in
Figures 4.5.3-28 and 4.5.3-29 respectively. From these figures, it can be seen that the geomorphological
processes of the Hokushin district have progressed under the influence of rock control where each process

has, to some extent, been influenced by the diverse nature of the landform materials®'”.

In the area where the Wakkanai Formation is found, the drainage pattern is primarily sub-parallel and there
are many wide, deep and long straight river valleys (Figures 4.5.3-24, 4.5.3-25 and 4.5.3-28). There are
numerous round-top ridges and relatively high-altitude hills with a low drainage density (Figures 4.5.3-26
and 4.5.3-28). High relief energy compared to the Koetoi Formation is found and in many places, the
valleys have been filled with alluvial sediments (Figure 4.5.3-27). In this area, fewer terraces considered to
have been formed during the last glacial stage are found, compared to the Koetoi Formation. Downward
erosion was therefore the primary denudation process in the Wakkanai Formation during both the glacial

and post-glacial periods (including the present).

In the area where the Koetoi Formation is distributed, the drainage pattern is sub-parallel in the
north-western and south-eastern areas and dendritic in other areas (Figures 4.5.3-24 and 4.5.3-25). The
drainage density is greater compared to the Wakkanai Formation and a gentle hill morphology with a low
relief energy can be seen, except in the south-eastern area (Figures 4.5.3-26 and 4.5.3-27). The
valley-in-valley structure is also seen in the river valleys (Figure 4.5.3-28). It has been formed by incision
during the current post-glacial period of bowl-shaped valleys formed during the glacial period and terraces
formed in the last glacial stage are found widely in this area (Figures 4.5.3-26 and 4.5.3-27). Since these
terraces consist of angular gravel layer composed of breccia to sub-breccia originating from the Koetoi
Formation with a muddy matrix and are developed across the valleys, it is inferred that they were formed
by periglacial processes; it is concluded that the Koetoi Formation experienced significant sheet erosion
due to periglacial processes. In summary, in the current post-glacial period, slopes and their surfaces that
became fragile owing to periglacial processes would have collapsed and downward erosion would have
been the primary denudation process. It is also concluded that sheet erosion progressed under the sparse
vegetation owing to periglacial processes and that lateral erosion associated with bowl-shaped incisions in
valleys was the principal denudation process during the glacial period in this area. In the area where the
Koetoi Formation occurs, extremely gentle topography was formed owing to periglacial processes.

In the area where the Yuchi Formation is distributed, the drainage pattern is dendritic and drainage density
is very high (Figure 4.5.3-24). Different to the Sarabetsu Formation to be discussed later, the Yuchi
Formation shows relatively homogeneous lithofacies consisting of sandstone (see Section 4.1). The
occurrence of terraces that are considered to have been formed during the last glacial stage is less extensive
than in the Koetoi Formation. Given the above, it is inferred that lateral erosion and incision in the valleys
were the primary denudation processes during both the inter-glacial and current post-glacial periods. With
the development of the dendritic drainage pattern, neighbouring valleys joined together, leading to the

development of a topography characterised by wide valleys and a low drainage density.

In the area where the Sarabetsu Formation is distributed, the drainage pattern is dendritic (Figures 4.5.3-24
and 4.5.3-25). The western area of the Hokushin district, where the Sarabetsu Formation is found, has hills
with higher altitudes than the Koetoi and Yuchi Formations (Figures 4.5.3-26 and 4.5.3-27). From the
geomorphic data, the relief energy is higher compared to the Koetoi and Yuchi Formations and the
drainage density is nearly the same as that of the Yuchi Formation (Figures 4.5.3-26 and 4.5.3-27).
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The Sarabetsu Formation consists of various types of rocks such as conglomerates, sandstones and
mudstones (see Section 4.1). Conglomerate layers are dominant along ridges, while mudstones and
sandstones are dominant in the valleys. The topographical profiles of the Sarabetsu Formation show the
sharp peaked ridge of the conglomerate layer (Figure 4.5.3-28). Thus rock control is considered to be
operating within the structure of the Sarabetsu Formation. Based on the above findings, the topography of
the area will evolve in the direction to where the relief energy increases, however, once the relief energy
exceeds a certain point, the topography would become gentle with low relief energy over a long period of

time just like the Yuchi Formation, owing to mass movements and so on.

The formations below the Wakkanai Formation in the eastern part of the Hokushin district form a
topographically elevated area and both drainage density and relief energy are high (Figures 4.5.3-26 and
4.5.3-27). The area is characterised by numerous occurrences of landslides (Figure 4.5.3-29). In particular,
a landslide landform is concentrated in the Masuporo, Onishibetsu and Soya Coal-bearing Formations. The
landslide landform is found for only short distances along faults, except for the formation below the
Wakkanai Formation, i.e. a denudation process due to mass movement would be dominate in these

formations compared to those above the Wakkanai Formation in the current post-glacial period.
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The calculated result for the temporal variation of suspended sediment flux in rivers is shown in Figure
4.5.3-30. In addition, Table 4.5.3-3 shows suspended sediment flux in unit drainage area in the Hokushin
district during the Typhoon no.14 (7"-12"™ September 2005). From this, it is concluded that the differences
in the suspended sediment flux at various points in the Hokushin district of Horonobe Town would be a
reflection of the geology and vegetation in each basin and that rock control is operating in the erosion

process in the area.

Precipitation in the Hokushin district when Typhoon no.14 passed through was 62.5 mm (8 mm maximum
per hour) for the two days of 7"-8" September 2005 based on hyetometer data from the Hokushin
Meteorological Station installed by JAEA (Figure 4.2.3-2). The river water level rise was associated with
an increase in precipitation, with the maximum level being recorded early in the morning of 8" September
2005. The results of the laboratory turbidity analysis of the water samples, taken at the above time, and
turbidity data, collected continuously by monitoring devices at P-3 and P-5, are consistent. It was therefore
confirmed that turbidity values measured with instrumentation can be used as continuous turbidity data.
From the results of the laboratory turbidity analysis of 90 samples taken from rivers in the Hokushin
district in the past, it was assessed the relationship between turbidity and concentration of suspended
sediment (also termed suspended solids in JIS K 0101 16.1). Both showed a good correlation (correlation
factor of 0.996). Based on this, the continuous suspended sediment concentrations were calculated from
consecutively observed values for river water turbidity. The flow rate of river water was calculated from
continuous observation of the level of river water using the discharge rate curve (H-Q rate curve), which
was made on the basis of the shallow subsurface investigations (see Subsection 4.2.3). The peak of the
suspended sediment concentration converted from the turbidity was about three hours and six hours ahead
of and about half an hour behind the peak of the river flow rate at P-3, P-4 and P-5 respectively. The

amounts of cumulative suspended sediment flux from mid-day on 7" September 2005 to mid-day on 12"
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September 2005 (the period influenced by precipitation from Typhoon no.14) and the amount per unit area
derived by dividing by the area of the basin were obtained. As a result, the amounts of cumulative
suspended sediment flux at P-3, P-4 and P-5 were 14.9 t, 0.7 t and 94.0 t respectively. The amounts per unit
area were 2.0 km™, 0.3 km™ and 4.5 km™ respectively, becoming smaller in the order P-5, P-3 and P-4.

Comparing the geology and vegetation in each basin, the sand gravel stratum (the Masuporo, Yuchi and
Sarabetsu Formations, terrace deposits and alluvial sediments) that may be a source of suspended sediment
occupies almost half of the basin at P-5 and P-3, while it is only about 10% at P-4. 39.7%, 94.9% and
18.7% of areas P-3, P-4 and P-5 are covered by grass, respectively (Table 4.5.3-4). Based on these features
of the basins, it is assumed that the larger amount of suspended sediment at P-5 and P-3 compared to P-4
could be due to geological differences and the larger amount at P-5 compared to P-3 could be due to the
difference of the percentage of the area covered by grass. The amount of suspended sediment is the amount
of sediment provided to rivers by current erosion. Therefore, the differences in the amount of suspended

sediment according to area are considered to illustrate the differences in erosion and the evolution rate of

the topography of each basin.

As discussed above, there is a strong correlation between with the spatial distribution of the amounts of
suspended sediment flux, geomorphic datasets and landslide topography. It is thus certain that current
geomorphological processes are progressing under the strong influence of rock control. The amount of
suspended sediment flux also relates to the vegetation and the present geomorphological processes are
therefore assumed to proceed firstly under rock control and secondly under the influence of the vegetation.
When studying future topographical change in the Hokushin district of Horonobe Town, simulation
techniques that can take rock control into account will need to be developed and data on geomorphic

datasets, required for the simulations must be acquired for each formation.

10000 100

Suspended e m === —— =1

sediment flux it = s
—p3 o~ Cumulative suspended sediment flux o
— 10004 __ g;‘ £ — = P-3 (14.91t, 1.95tkm?) | 80 &
n e - P-4 (0.67t, 0.29 tkm?) g
= e L —— P-5 (93.961, 4.52 tkm?) =
(s { I-" Numbers in parenthesis: cumulative suspended g
§ | 1\ sediment flux [t] and cumulative suspended flux @

[ \ in unit drainage area [t km~] during 712"
= 100 Jied ) September 2005 : - 60 2
cd | | \ — w0
1] [ \ M %
EO h 1 \ a S
o] A 28
[V \ -
2] o}
] 10 f |\ ; \\ N‘m_ - 40 [
g fy | I \ e 3
1 e
§ /fﬂll | II o | %
g f I ﬂ‘\ﬂr\ 2
w 14 L"’ 1 | { : e /\"‘HP“—L,«—“..,._\,._‘_AM— 20 E_"
{ I i ol e ¥, ¥ | SRS S =
|.\JM £ | rd o r
JvJ—'W:‘AfLJ‘) ”, 4
0.1 d L I/ e e e - )
o) o 2] o o o
q’@ (}9(‘.) & ']S)Q f],QQ rf')Q'
¢ S X & & o
A ) o) RY) R D

Date [day/month/year]
Figure 4.5.3-30 Suspended sediment flux and cumulative suspended sediment flux during
Typhoon no.14 from 7" to 12" September 2005 in the P-3, P-4 and P-5

drainage basins

- 186 -



JAEA-Research 2010-068

Table 4.5.3-3 Suspended sediment flux in the Hokushin district during Typhoon
no.14 from 7" to 12" September 2005

. . Cumulative suspended Cumulative suspended sediment
Drainage Drainage area di f flux i it drai
basin A [km?] sediment flux ux in unit rainage area
JFdt[t] JFdt/A[tkm?
P-3 7.647 14.91 1.95
P-4 2.315 0.67 0.29
P-5 20.798 93.96 4.52

Table 4.5.3-4 Drainage basin characteristics in the Hokushin district

Drain.age Drainagg River Characteristics of drainage basin
basin®  area [km’] Geology Topography Vegetation [%]
Lower—middle Western part: Yuchi F. G field: 39.7
P-3 7647  ShimizuR. stream __ Eastern part: Koetoi . High drainage density Broadleaf forest: 20.2
Mainly Koetoi F. and low relief energy o nicerous forest: 19.9

Upper stream Partly Wakkanai F.

Low drainage density

P-4 2.315 Ichigou R. Koetoi Formation :
and low relief energy

Grass field: 94.9

Lower stream Koetoi Formation

Penke- i High drainage densit Broadleaf forest: 67.7

P-5 20.798 Soya Coal-bearing F., 9N drainag Y Grass field: 18.7
ebekorobetsu R. ypper stream Masuporo F. and and high relief energy Coniferous forest: 11.1

Wakkanai F

*Locations of drainage basins shown in Figure 4.2.3-3

4.5.4 Future evolution of the geological environment

(1) Approach to estimating future evolution

Several approaches have been proposed for estimating the future evolution of the geological environment.
The principles employed in any approach involve making extrapolations or drawing analogies, or
quantitatively estimating the possibility of occurrence of phenomena to obtain the probability, based on the
trend of evolution and the extent of influences from the past up to the present. In particular, the
extrapolation and analogy approaches would be important for estimating the future evolution of the
geological environment over far longer time periods than those covered by experiments. In the
extrapolation approach, the future evolution is estimated by extrapolating the historical temporal and
spatial evolution trends identified based on analyses of historical evolution into the future. In the analogy
approach, phenomena that are similar to the phenomena of interest are studied in order to make
generalisations and future evolution of the phenomena of interest is estimated by inferring the future
evolution of the generalised phenomena®”. In any approach, the basis for estimating and evaluating the
future evolution is through understanding phenomena in the past.

Information to be used in the future estimation should be obtained during a period similar to, or longer than,
that of interest. For example, as described in Subsection 4.5.3, data on crustal movements obtained by
geodetic methods such as GPS and triangular surveys cover a period from several to about 100 years and
could be influenced by cyclic movements occurring over longer periods than the period of observation. It
is possible that the trend and amount of crustal movement obtained using such geodetic methods could be

different from those for a period extending over several tens of thousands of years (Figure 4.5.4-1).
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‘ Active fault

Triangulation

Geological
cross section

Cumulative deformation

. |

past present future
Time

Figure 4.5.4-1 Schematic illustration of variation trend extrapolated from different types of data
(GPS and triangulation data, displacement of active faults and crustal strain using
a balanced geological cross-section)

Wavy black line showing true deformation path; Broad grey line showing true variation trend
lllustration adapted from Kimura®?"

(2) Patterns and trends in the occurrence of natural phenomena and changes in the geological
environment conditions in the Horonobe area

The natural phenomena to be considered for estimating the future geological environment in the Horonobe
area and their interactions and the evolution of the geological environment assumed to occur owing to
these phenomena, are summarised in Figure 4.5.4-2a (seismicity/faulting, volcanic/hydrothermal activity,
uplift/subsidence and erosion/sedimentation) and Figure 4.5.4.2b (uplift/subsidence, erosion/sedimentation
and climatic/sea-level changes). These figures were prepared based on the temporal and spatial variations
of the natural phenomena that have occurred in the past in the Horonobe area (see Subsection 4.5.3). In
order to illustrate the interactions among natural phenomena, the phenomena were compiled into an
interaction matrix*>>; the characteristics of each natural phenomenon (e.g. pattern of occurrence, style and
scale) were allocated as diagonal components and the processes and events that relate to the propagation of
influences among phenomena were allocated as off-diagonal components that cross the diagonal
components. Based on this matrix, the natural phenomena that should be considered for evaluating the
future evolution of the geological environment in the Horonobe area will be uplift, subsidence, erosion and
climatic/sea-level changes that progress regionally and slowly. These phenomena would have large
influences, in particular, on the hydrology of the bedrock.
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As discussed in Subsection 4.5.3, as long as the current tectonic framework does not change, the possibility
of occurrence of volcanic/hydrothermal activity is likely to be low in the future. Based on the trend of
seismicity for the last approximately 800 years as known from historical documents, the seismicity for the
same period in the future can be treated in the same way as volcanic/hydrothermal activity. However, it
should be noted that this estimation is based on the trend for the last approximately 800 years. Although
sediments reflecting seismic events, such as tsunami deposits and traces of liquefaction, were not found in
the coastal area of northern Hokkaido, based on the analysis of submarine sediment cores sampled at the
Rishiri Trough to the west of Rishiri Island (Figure 4.5.3-1), the recurrence interval of major earthquakes
that would induce landslides of the sea bottom in this Trough is estimated to be about 3,000 years'™.
Evolution of the geological environment in the next several tens of thousands of years should therefore be
described considering the influence of seismicity on the geological environment. Based on the temporal
and spatial evolutions of natural phenomena revealed in the Phase I investigations, it may be appropriate to
adopt the following strategy: the influence of ‘sudden natural phenomena’ occurring over relatively limited
geographical ranges would be first obtained from surface-based investigations to understand the current
activity and spatial distributions etc. From this, the criteria for selecting faults and hypocentres in order to

evaluate their impact would be clarified, followed then by a consequence analysis.

The uplift/subsidence history for the Horonobe area was based on the present depth”, thickness, deposition
period® and sedimentary environment of each formation and palacogeography in the area as discussed in
Section 4.1 and this section (Figure 4.5.4-3). Thickness and depositional period of each formation in the
Sarobetsu Lowland are taken from the existing information®'****>. The palacowater depth during the time

29 6n the

of sedimentation of each formation was estimated from the sedimentary facies of each formation
basis of the relationship between sedimentary facies and water depthzzs)’né). Altitudes relative to the
current sea-level were obtained from sea levels during the time of sedimentation of each formation using

the sea-level change curve??"?%)

and palacowater depth described above (Table 4.5.4-1). This figure
represents the overall trend of uplift/subsidence in the Horonobe area, although it is based on some
assumptions, including a decrease in the thickness of the formation owing to compaction and isostatic
uplift and subsidence. That is, the subsidence trend that has lasted for the last two million years is evolving
to an uplift trend in the Sarobetsu Lowland, while uplift will progress until it reaches equilibrium
conditions around the URL area and the area near the Sarobetsu Anticline (Figure 4.5.4-3). The different
history of uplift/subsidence in each area is correlated with the distribution of the horizontal crustal strain
rate reflecting the geological structure of the fold-and-thrust belt in northern Hokkaido; the uplift trend has
continued since more than a million years ago in the eastern part of the Horonobe area where the strain rate
is high, whereas in the western part of the Horonobe area, where the strain rate is low, evolution from
subsidence to uplift is likely to occur. To summarise, considering the future trend of uplift/subsidence in
the Horonobe area taking regional tectonics into account, the current uplift trend will continue until it
reaches equilibrium conditions in the eastern part of the Horonobe area and the area near the Sarobetsu
Anticline, whereas subsidence will evolve to uplift with an increase in the horizontal crustal strain rate in

the future and the uplift trend will continue until it reaches equilibrium in the Sarobetsu Lowland.

Regarding climate change, the arrival of a glacial period is expected within several tens of thousands of
years, assuming that the approximately 100,000 year cycle that has dominant since about 1.2—-0.7 Ma will
continue in the future and given that the present time is slightly after the peak of a warm (interglacial)
period and about 10,000 years have passed since the start of the post-glacial period™®. Based on the
submarine topography of the Horonobe area, it is highly likely in a glacial period that the continental shelf
to the west of the Horonobe area would largely become land owing to the lowering of sea-level, that the
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Soya Strait and Sakhalin would be reconnected by a land bridge and that environment in the Horonobe area
would change to inland type. Also, based on the results of reconstruction of the vegetation in northern
Hokkaido, this area would have a surface environment similar to present-day northern Sakhalin in a future
glacial period.

Rebun ——URL area .

- Island >
: " 4 \o. 3N e SREVs R
1 ' . — Sarobetsu Anticline Alluvium
B S RN Sarabetsu Formation

Rishiri ?.‘amﬁf.‘:‘ Lowland Yuchi Formation
Island Japan 5,{ F"'F FEF
Sea 1 20km
] e -
o Horonobe Town L Leeeet semmmtn o g

300 ~
0
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===
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e ———— T —— 8
: o
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Figure 4.5.4-3 Uplift and subsidence history in the Horonobe area
Shaded relief map after Gs|"

Table 4.5.4-1 Description of the Yuchi and Sarabetsu Formations and marine terraces

Depositional age  Terrace altitude [m]

Forrg?:f:eand (upper and lower  Maximum formation Erf\?i?;:rirc:grﬂ Wate[:n?epth Sea[r—rl1<]avel
ages) [x10 ka] thickness [m]
MIS 9 32.8 95 Shoreline 0 +5
MIS 7 21.4 75 Shoreline 0 +5
MIS 5e 12.5 50 Shoreline 0 +5
Sarabe_tsu 70 625 Lagoon and fluvial 0 -70
Formation 150 Embayment and lagoon -15 -80
Yuch_i 150 900 Shoreface -15 -80
Formation 230 Outer shelf -130 -80
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Considering the evolution of the geological environment of the Horonobe area for about three million
years into the future based on past geological history of the same duration, the development of active
structures in the west of the Sarobetsu Lowland, the spreading of the land toward the west and the
evolution of the geological structures should be taken into account. These westward movement trends are
thought to be part of the contraction of the Tenpoku Sedimentary Basin towards the depocentre. Thus,
when covering a period of around one million years into the future, active structures in the eastern part of
the Tenpoku Sedimentary Basin have to be included in the study and the uncertainty associated with the

estimate will increase.

Summarising the discussions in this section, the surface geological environment and the conceptual
cross-section of the geological structure in the Horonobe area covering a period of about 100,000 years
into the future were represented as shown in Figure 4.5.4-4. This figure illustrates the situation in the future
glacial period. The decrease in the thickness of formations owing to denudation (including erosion), the
change in the topography and the development of active faults and folds in the Sarobetsu Lowland to the
west of the Horonobe area, as described in Subsection 4.5.3, are included in the figure. The figure is based
on the patterns of occurrence of natural phenomena in the Horonobe area in the past and is a conceptual
model to be used as a basis for estimating the geological environment of the area in the future. In order to
obtain an optimum approximation of temporal and spatial variation of groundwater flow conditions in the
future taking the influence of natural phenomena into account based on the conceptual model, quantitative
data on natural phenomena and the evolution of the geological environment illustrated in the figure need to

be acquired. This would be an issue to be addressed in the investigations of Phase II and/or Phase III.

West East
Sea
Sea o —— =
level Y
= _————__/ i
_____,-/' X W, T
Present e N = «
— \-._\_
I — Active fault A —
Inactive fault
@ ©@Erosion B Permafrost
JSea-level ’

2%%° L (sedimentation)

change sk

Sea —
level

Future glacial

stage @Fracture

e “—  @Fracture 3 _ t t t t @uUpliting

DRegional uplifting
Direction of GW flow

Wakkanai Formation Koetoi Formation Yuchi Formation Sarabetsu Formation

Figure 4.5.4-4 Conceptual model for future geological evolution of the Horonobe area
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4.6 Integration of multidisciplinary information
The basic methodology for characterising the properties of the geological environment and processes
involved, which are critical for geological disposal, was proposed in the form of a “Geosynthesis Data

Flow Diagram” >

as presented in Subsection 4.6.1. Based on the understanding of the key properties and
processes of the geological environment, assessments were attempted of key issues relating to the safety of
the geological disposal system™". These include solute transport/retardation in the undisturbed geological
environment and perturbations induced by construction of the underground facilities. The former was

2 and only the

addressed in the context of development of advanced safety assessment methodologies
details of the work carried out as part of the geoscientific research and feedback from the solute transport
analysis are discussed in Subsection 4.6.2. Regarding the latter issue, prediction of changes in groundwater
flow and chemistry and rock mechanical properties in the vicinity of the underground facilities is discussed

in Subsection 4.6.3.

4.6.1 lllustration of the geosynthesis data flow diagram

As discussed in Sections 4.1-4.4, during the surface-based investigations most of the key properties and
processes of the geological environment in the context of geological disposal (Figure 2.2.1-1) were
clarified through investigations using existing information, ground exploration and borehole investigations
and modelling of the geological environments (geology, hydrogeology, hydrochemistry and rock
mechanics). During the course of the investigations, results such as the combination of investigation
techniques in various disciplines and methods for interpretation of investigation results have been achieved

by iterating investigations in certain areas on a trial-and-error basis.

Based on this experience and recognising the importance of having a specific roadmap for effectively
executing the sequence of activities “investigation — interpretation of results — modelling/analysis —

clarification of relevance for geological disposal”, the “Geosynthesis Data Flow Diagram” "

illustrating
the linkage between a range of surfaced-based investigations and the key properties and processes of the
geological environment was established (see Appendix 6). The case studies referred to in establishing the
geosynthesis data flow diagram include the Wellenberg project™” in Switzerland, where an extensive site
characterisation was conducted for selecting an L/ILW repository, and the Mizunami URLproject>*-*>,
where surface-based investigations on crystalline rocks were conducted. It should be noted that the
geosynthesis data flow diagram described here does not anticipate that the conditions of the geological
environment will change significantly. The data flow diagram for studies on the long-term evolution of the
geological environment and assessment of its impacts on the key properties and processes of the geological

environment in the context of geological disposal is discussed in Section 4.5.

The data flow diagram provides a basic roadmap for effectively guiding the characterisation of the
geological environment from the surface from the viewpoint of safety assessment and design/construction
of the underground facilities. Information contained in the flow diagram includes individual investigation
techniques and their combination, the types of information to be acquired, the interpretation of the results
and the integration of information obtained from different disciplines for each investigation stage;
investigations using existing information, aerial and ground reconnaissance surveys and borehole
investigations. The key feature is a systematic framework based on knowledge and experience gained from
the surface-based investigations. Effective systematic techniques for characterising, on a step-by-step basis,
the geological environment from the surface will be established by testing of the flow diagram based on
technical findings accumulated with the progress of the investigations and stepwise optimisation and
refinement of the flow diagram.
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4.6.2 Solute transport/retardation in the undisturbed geological environment

(1) Approach and details of the evaluation

The outline for the work flow was established by considering the framework for a sequence of evaluation
activities in the context of development of advanced safety assessment methodologies for evaluating solute
transport/retardation in the deep geological environment in the Horonobe area, using the information
obtained from the surface-based investigations (Figure 4.6.2-1). The evaluation was carried out in
accordance with the established work flow, with the aims of:

e demonstrating methodologies for evaluation ranging from investigation/analysis of the geological
environment to solute transport analysis for sample cases;
e compiling know-how and findings obtained based on a trial-and-error approach to the evaluation.

The tasks conducted primarily by the team responsible for the environmental investigations extend from
investigation of the geological environment to analysis of groundwater flow, conducted in accordance with
the geosynthesis data flow diagram described in Subsection 4.6.1. In collaboration with the team
responsible for the solute transport analysis, a study was carried out to set the parameters for the solute
transport analysis and evaluation of the analysis results, bearing in mind the need for feedback to the
investigation programme of the geological environment. The information on the geological environment
used in the above task was obtained up to the end of March 2005 and may not always be consistent with
the description in Sections 4.1-4.3.

—— Characterisation of key properties . .
Investigation; and processes of the geological Designation of relevant
Data interpretation; environment for solute transport parameters
Dataset ‘
e Solute transport
Geological modelling Conceptualisation of solute modelling
transport

Groundwater flow analysis Solute transport analysis
Evaluation of the results of Evaluation of the results of
groundwater flow analysis solute transport analysis

~ =

Evaluation of the applicability of techniques for analysing solute transport
with a direct link to surface-based investigations

Work to be carried out Work to be carried out Work to be carried out
mainly by field investigators mainly by modellers _I under collaboration

Figure 4.6.2-1 Basic framework for evaluating solute transport, with a direct link to
the surface-based investigations

(2) Compilation of geological environment information

Information on the geological environment was compiled for a large area covering the URL area, taking
into account that the aims of the solute transport analysis are to clarify the effects of large-scale geological
structures (e.g. the Omagari Fault) on groundwater flow and consequently on the performance of the
geological disposal system and the EBS and to assess the performance of the EBS and the surrounding
geological environment. This corresponds to ‘field investigations’, ‘data’ and ‘interpretation/dataset’ in the
geosynthesis data flow diagram.
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1) Geology and geological structure

The surface distribution of the Omagari Fault that runs through the URL area has already been clarified.
Since it was assumed that fresh groundwater may have infiltrated deeper based on resistivity profiles
obtained in the surface-based investigations and the relationship between the resistivity and the porewater
CI concentrations, the 3D distribution of the Omagari Fault was estimated based on the distribution of the
high resistivity zone (Figure 4.1.3-8). However, detailed information on the Omagari Fault, including
geological characteristics and hydraulic properties, has not been obtained. The information, compiled as a
geological structure dataset, includes topography, lithostratigraphy, distribution of discontinuity such as
faults and fractures and rock properties including density and porosity.

2) Hydraulic properties

It was confirmed by borehole and laboratory hydraulic tests that the hydraulic conductivity of the fracture
zone in the Wakkanai Formation is higher by one to four orders of magnitude compared to the background
fractured rock. The general trend of hydraulic conductivity with depth (Figure 4.6.2-2), prepared by
distinguishing test intervals with or without fractures®®, also indicates that the hydraulic conductivity in an
interval with a fractured zone is more likely to affect the overall hydraulic properties of the Wakkanai
Formation. On the other hand, a significant difference in hydraulic conductivity for intervals with and
without fracture zones is not observed in the Koetoi Formation, although the formation does contain
fracture zones. The reason for this is considered to be that the fractures in the Koetoi Formation are less
open compared to those in Wakkanai Formation; the rock of the Koetoi Formation is soft and the
development of fractures is limited. Data on surface hydrology, such as river runoff, groundwater levels,
hydraulic conductivity and hydraulic head, were compiled as the hydraulic property dataset.

100
200
300

400

Depth [mbgl]

500

600 i Yuchi Formation
Koetoi Formation

Wakkanai Formation with fracture zone
700 — \Wakkanai Formation without fracture zone
Damaged zone of Omagari Fault (Wakkanai F)

800
10" 1010 10°¢ 10® 107 10¢ 10°% 10+

Hydraulic conductivity [m s]

Figure 4.6.2-2 General trend of hydraulic conductivity versus depth for different formations

3) Hydrochemical properties

The occurrence of groundwater with a low concentration of dissolved components (Na-HCOj; type) in
shallower subsurface and a high concentration of dissolved components (Na-Cl type) in deeper subsurface
is known based on the results of analyses of groundwater chemistry carried out for samples collected in

- 196 -



JAEA-Research 2010-068

deep borehole investigations (Figure 4.3.3-2). The CI' concentration estimated using the geostatistical
method indicates that fresh water has infiltrated relatively deeper in the east of the URL area (Figure
4.6.2-3). The information compiled as a hydrochemical dataset includes chemical compositions of the
rocks, mineral compositions and groundwater chemistry.

Cl [mg ]
15000
" 13000
| 11000
9000
7000
5000
3000
1000

Figure 4.6.2-3 Spatial distribution of Cl concentration in groundwaters around the URL site

(3) Groundwater streamlines

The geological model was constructed®”, as shown in Figure 4.6.2-4, based on the information (datasets)
and interpretation of data described above. This model does not incorporate the occurrence of the fractured
zones deterministically because of insufficient information on their distribution and hydraulic conductivity
However, the Omagari Fault was modelled as having an en echelon structure based on the estimated 3D
distribution of the fault. A conceptual model of the hydrogeological structure was also constructed for
analysis of groundwater flow based on the geological model and interpretation of the hydraulic
propertiesﬁz) (Figure 4.6.2-5).

N1 fault

Omagari Fault

™

\\East of N1 fault

Formations overlying B
Masuporo F_——

/./,..
-

Masuporo F

Formations underlying
Masuporo F_—

Figure 4.6.2-4 Finite element mesh based on the geological model

- 197 -



JAEA-Research 2010-068

swW HE Hydrauli
200 Hydraulic conductivity not affected Hydraulic conductivity higher 200 y e “"t! ic
100 by fracture zones in Koetoi F at fracture zone in Wakkanai F 100 conductivity
WA } High
P ¥
T 0 W 0m
@ ) @
E -100 . -100 §
= 2 S . . - e _— =
& -200 - . -200 S
5 j " Wakkanai F 03w, %
@ -300 ; 4. . without fracture zone -300 o
o -400 (approx.10-® [m s]) S %20, -400 &
-500 - 500
-600 -600 Low

o
Hydraulic conductivity decreasing with 0 500 1000m
depth (especially at fracture zone) | |

Figure 4.6.2-5 Conceptual hydrogeological model

The analytical region covered an area of about 30 km X 30 km square extending from the eastern edge (the
Teshio Mountains) to the western edge (shoreline) of the Teshio River basin, which encompass the whole
area of the Horonobe Town. The formations of interest, according to the hydrogeological classification,
include the formations underlying the Masuporo Formation, the Masuporo Formation, the Wakkanai
Formation, the Koetoi Formation, the Yuchi Formation and the Sarabetsu Formation, as well as surface
layers and the Omagari Fault. A set of parameters for analysis was defined, taking into account the
uncertainties in measured values and the fact that data on the hydraulic conductivity and upper boundary
conditions were not obtained for some formations, as shown in Table 4.6.2-1. The analysis of groundwater
flow was then conducted for 18 cases (Cases 001-018; Table 4.6.2-2) using hydraulic conductivity and the
upper boundary conditions of each formation as parameters.

Case 001 is the reference case. The parameters for the reference case were determined based on the
following, taking the results of the borehole investigations into consideration:

o  The hydraulic conductivity of the damaged zone of the Omagari Fault, obtained in borehole HDB-4,
is adopted as the hydraulic conductivity of the fault.

e The depth dependence is assumed for the hydraulic conductivity of the Yuchi Formation, since the
deviation from the approximation line is smaller and the reliability is better.

e The logarithmic mean is adopted for the hydraulic conductivity of the Koetoi Formation, since the
deviation from the approximation line is not as large as in the case of the Yuchi Formation and a
significant depth dependence was not observed compared to the Yuchi Formation.

o  Bulk hydraulic conductivity is adopted without differentiating between background fractured rock and
fractured zones and the depth dependence is assumed for the hydraulic conductivity of the Wakkanai
Formation.

e  The seepage surface is used as an upper boundary condition, where water level is fixed to atmospheric
pressure when the groundwater level has reached the ground surface at a given amount of rainfall.

e A lower impermeable boundary is set at -5,000 m elevation. Sea level forms the upper water level
boundary in areas, covered by the sea, and in-land areas, ridges and valleys are set as impermeable
boundaries.

In Cases 006014, the hydraulic conductivities for the Yuchi, Koetoi and Wakkanai Formations were
varied within a possible range with reference to measured values. Cases 002—-005 and 015-017 are those
for the sensitivity analysis focussed on the hydraulic conductivity of the formations without actual
measurements. Case 018 was a hypothetical case assuming abnormally high pressure in the deep
subsurface.
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Comparison with measurements of water pressure obtained by hydraulic tests and long-term monitoring
indicates that Case 003 best represents the measured water pressure distribution. This analysis was
compared with the recharge rate® obtained from the surface-based investigations and showed relatively
good agreement with the measured values. Based on the above results, streamlines to be used in the solute
transport analyses were determined, with the starting-point being at the mid-point of three shafts at -390 m
elevation (about 450m depth), as shown in Figure 4.6.2-6. This corresponds to
‘conceptualisation/modelling/simulation’ in the geosynthesis data flow diagram.

Table 4.6.2-1 Parameter settings for analysis

Unit ID Hydraulic conductivity [m 3'1] Basis for setting
Sur1 1.00 x 10°® Estimated from general information
Surface | Sur2 1.00 x 107 One order of magnitude lower than Sur1
Sur3 1.00 x 10° One order of magnitude higher than Sur1
Sarabetsu | S1 1.00 x 10°® Derived from re-evaluation of D-1 hydraulic test result
Formation | g2 1.00 x 10° One order of magnitude higher than S1
Y1 log1o K =-0.0034 z - 8.3665 General trend of hydraulic conductivity (K) with depth (z)

Yuchi Y2 log1o K =-0.0034 z - 9.3665 One order of magnitude lower than Y1

Formation | y3 log1o K = -0.0034 z - 7.3665 | One order of magnitude higher than Y1

Y4 7.31x 107" Logarithmic average

K1 9.07 x 10 Logarithmic average
Koetoi K2 9.07 x 107"° One order of magnitude lower than K1
Formation | k3 9.07 x 10°® One order of magnitude higher than K1

K4 log1o K =-0.0032 z - 7.5549 General trend of hydraulic conductivity (K) with depth (z)

WA1 log1o K=-0.0105z-3.9118 General trend of hydraulic conductivity (K) with depth (z)

Wakkanai | W2 log1o K=-0.0105z-4.9118 One order of magnitude lower than W1

Formation | 3 logio K =-0.0105z-2.9118 | One order of magnitude higher than W1

w4 1.14 x 10°® Logarithmic average
Masuporo | M1 5.00 x 107° Relatively high at depth because of lithofacies
Formation | 2 5.00 x 10°® Two orders of magnitude higher than M1

D1 1.30 x 107 Logarithmic average obtained in borehole HDB-4

General trend of hydraulic conductivity (K) with depth (z)

Omagari | D2 logro K =-0.0121 2 - 2.9848 for fracture zones in the Wakkanai F

Fault -
Kparallel =1.30 x 10 .
D3 Koerpondicular = 1.30 X 10° Anisotropy assumed
Sides/bottom: no flow
B1 (shoreline: hydrostatic) Based on existing information
Boundary Top: 1 mm d’ precipitation
condition | B2 Top: 3 mm d”' precipitation Case for examining the influence of precipitation

Bottom: fixed head 500 m higher | Case for examining the influence of high pressure

B3 than hydrostatic condition at depth
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Table 4.6.2-2 Analytical cases

Cases Surface Sara;)etsu Yuchi F | Koetoi F Waklléanal Masgporo o?:ﬂfr' Egzgggg
Case 001 Sur1 S1 Y1 K1 WA1 M1 D1 B1
Case 002 Sur1 S1 Y1 K1 W1 M1 D1 B2
Case 003 Sur2 S1 Y1 K1 W1 M1 D1 B1
Case 004 Sur3 S1 Y1 K1 W1 M1 D1 B1
Case 005 Sur1 S2 Y1 K1 W1 M1 D1 B1
Case 006 Sur1 S1 Y2 K1 W1 M1 D1 B1
Case 007 Sur1 S1 Y3 K1 W1 M1 D1 B1
Case 008 Sur1 S1 Y4 K1 W1 M1 D1 B1
Case 009 Sur1 S1 Y1 K2 W1 M1 D1 B1
Case 010 Sur1 S1 Y1 K3 WA1 M1 D1 B1
Case 011 Sur1 S1 Y1 K4 WA1 M1 D1 B1
Case 012 Sur1 S1 Y1 K1 w2 M1 D1 B1
Case 013 Sur1 S1 Y1 K1 W3 M1 D1 B1
Case 014 Sur1 S1 Y1 K1 W4 M1 D1 B1
Case 015 Sur1 S1 Y1 K1 W1 M2 D1 B1
Case 016 Sur1 S1 Y1 K1 W1 M1 D2 B1
Case 017 Sur1 S1 Y1 K1 W1 M1 D3 B1
Case 018 Sur1 S1 Y1 K1 W1 M1 D1 B3

e Parameters deviated from the reference values are given in yellow cells.

i

0

— Koetoi F
—— Wakkanai F

-1000 1 —— Masuporo F

5, 70100 1 S S A —

Elevation [masl]

-3000
Figure 4.6.2-6 Horizontal distribution of hydraulic head at -400 masl (Case 003) and groundwater
flow paths from the starting-point
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(4) Compilation of information for solute transport analysis
Information on the geological environment, used directly to describe solute transport in the Wakkanai and
Koetoi Formations, was determined as below, based on the information described above and discussions on

the streamlines of groundwater:

o hydrogeological structure and hydraulic properties (from the hydraulic dataset and hydrogeological
model), involving conceptual hydrogeological model, porosity and hydraulic conductivity;

e  solute transport paths (from the results of the groundwater flow analysis), specifically travel time,
travel distance and transport paths;
groundwater chemistry (from the hydrochemical dataset and model);
mineral compositions (from the geological dataset);
rock properties (from the geological dataset), particularly porosity and density.

(5) Setting parameters for solute transport analysis

Modelling of solute transport in geological formations was studied for the reference scenario developed in
the H12 report%)
particle tracking at each time step and/or element, was expressed by applying a 1D porous medium model

and the solute transport for each segment of the trajectory, which was calculated from

(Figure 4.6.2-7). For this solute transport model, the following three parameters were examined to describe
solute transport in the geological environment, out of the nine parameters required for the solute transport
analysis:

e flow vector along the streamline;
e travel distance along the transport path;
®  porosity, real density and dry density of the geological formation.

The flow vector along the streamline was obtained from Darcy’s velocity divided by the hydraulic effective
porosity. Darcy’s velocity and travel distance were obtained from the groundwater flow analyses (Figure
4.6.2-8). The analytical results for groundwater flow for the 18 cases previously discussed were used for
Darcy’s velocity and the travel distance. When the analysis of solute transport was conducted in a way that
directly introduced the heterogeneity of the information on the solute transport, Darcy’s velocity and the
information on travel distance for the segment of trajectory in Cases 003, 010, 013 and 014 were used. On
the other hand, when the analysis was conducted in a way that introduced the heterogeneity of the
information simplified by a statistical process, Darcy’s velocity and the travel distance were based on
Case 003 that best represents the distribution of the measured water pressure. The range of uncertainty was
established by referring to the variability of other analysis results for groundwater flow.

The hydraulic effective porosity was selected by referring to measurements on rock specimens, taking into
account the results of geophysical logging in boreholes, since there were no in situ measurements such as
tracer tests. A compound lithological analysis was conducted to obtain the typical porosity of the Wakkanai
and Koetoi Formations for the overall interpretation of the results of the geophysical logging, including
sonic wave, neutron, natural gamma ray and calliper surveys77) (Figure 4.6.2-9). The range of uncertainty
was set as 1/10, referring to the porosity estimated by applying the existing relationship between the
transmissivity and the width of the aperture of water-conducting fractures. The representative values
described above and the range of uncertainty were also adopted as the porosity of the stratum. As the real
density of the geological formation, that measured for rock cores collected in borehole HDB-6 was adopted.
Using this value and established porosities, dry densities were then determined. These values were also

adopted to set the diffusion coefficient of the formation.
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Figure 4.6.2-7 Conceptual solute transport model for porous sedimentary rock
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Figure 4.6.2-8 Relationship between Darcy’s velocity and migration distance for each analytical
case
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Figure 4.6.2-9 Vertical distribution of porosity estimated by compound log analysis
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Information on groundwater composition is of help to establish the distribution coefficient and solubility
for the solute transport analysis. Since the groundwater composition around a depth of 450 m was not
directly determined in the URL site, the analytical results for the groundwater in borehole HDB-6, closest
to the URL, were used for estimation”” by considering the depth dependency of groundwater chemistry,
the results of a thermodynamic analysis of the groundwater and mineralogical information obtained.

For the solute transport analysis, flux in the EDZ, diffusion coefficients and distribution coefficients of
rock and buffer materials and solubility in the buffer materials were also determined, in addition to the
parameters for describing solute transport in the sedimentary formation. These are described in detail in the
Volume “Geological Disposal Research”.

(6) Results of solute transport analyses and feedback to the surface-based investigations

Solute transport analyses were conducted for a total of five cases, considering uncertainties in Darcy’s
velocity, streamlines, hydraulic effective porosity and distribution coefficient. As a result, not only could
the sensitivity of each parameter be understood, but parameters and models could also be set up and
know-how for the analyses compiled.

Looking at the results of the solute transport analyses, a very high retardation effect was indicated both in
the Wakkanai and Koetoi Formations. It is however highly likely that the fractured zone in the Wakkanai
Formation functions as a streamline, given the distribution of hydraulic conductivity in the formation. In
the present study, based on the results of investigations up to the end of March 2005, the concept of a
porous medium was adopted because information regarding the characteristics of the fractured zone had
not been compiled. Therefore, in addition to understanding the characteristics of the fractured zone in the
Wakkanai Formation and defining a strategy for modelling the formation as a fractured medium, an
understanding of the characteristics of fractures in the Koetoi Formation that originated from structural
movement in the same period as the Wakkanai Formation would also be required. In the case where the
involvement of fractures as streamlines is different between the Wakkanai Formation and the Koetoi
Formation, this could be used as an example for modelling and analysis of zones with different retardation
effects. The method for determining the hydraulic effective porosity, which has a large impact on the
results of the solute transport analysis, must be studied in detail.

As knowledge, such as know-how, decision process, obtained following the work flows (field studies, data
interpretation, modelling etc.), various uncertainties associated with the solute transport analyses would be
reduced. For both existing information and information gained from the investigations of the geological
environment, it is necessary to indicate data quality as a range of uncertainties. Review of the
methodologies and solute transport analyses based on new geological information and models will be
conducted continuously in order to develop advanced safety assessment methodologies.

4.6.3 Perturbations induced by construction of the underground facilities

(1) Geology and geological structure around the underground facilities

For estimating the hydraulic, hydrochemical and rock mechanical perturbations induced by construction of
the underground facilities, the geological structure of the area where these perturbations occur (geological
environment around the underground facilities) was characterised in terms of distribution of stratigraphy
and lithology and water-conducting fractures, based on the geological models as presented in Subsection
4.1.4 (Figure 4.1.4-2).

- 203 -



JAEA-Research 2010-068

1) Stratigraphy and lithological distribution

The strata to be encountered around the underground facilities will be, in ascending order, the Wakkanai
Formation, the Koetoi Formation and the surface unconsolidated sediments. Since the mineral and
chemical compositions, rock mechanical properties and the groundwater flow field are different between
the Wakkanai Formation and the Koetoi Formation as discussed in Sections 4.1-4.4 and the highly
permeable zone below the terrace sediments is considered to control groundwater flow in the shallower
subsurface, it will be of importance to clarify the 3D distribution (boundary depth) of each stratum.

The depth of the boundary between the Wakkanai Formation and the Koetoi Formation was estimated
based on information obtained from surveys of outcrops, reflection seismic survey (including high density)
and deep borehole investigations (core logging, bedding plane interpretations based on the Electrical Micro
Imaging (EMI™) logging results etc.). The thickness of the surface layer was estimated based on
information from surveys of topography (terrace surfaces), reflection seismic survey and shallow borehole
investigations (description of facies from rock cores and penetration tests). As a result, it was estimated
that the terrace sediments occur down to a depth of about 25 m and the depth of the boundary between the
Wakkanai Formation and the Koetoi Formation is around 230 m at the locations of the East and Ventilation
Shafts; at the location of the West Shaft, these boundaries are estimated to be around 30 m and 280 m

respectively (Figure 4.6.3-1).
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Figure 4.6.3-1 Geological model around the underground facilities

- 204 -



JAEA-Research 2010-068

2) Distribution of water-conducting features

The scale and 3D distribution of water-conducting features (WCFs) are of importance for estimating
groundwater flow around the underground facilities, particularly the inflow rate generated by construction
of the underground facilities. The existence of faults dipping at a high angle to the bedding plane indicating
a strike-slip trend, faults horizontal to the bedding plane indicating a dip-slip trend and joints at the
anticlinal axis in the Wakkanai Formation was determined by the geological investigations (see Section
4.1). These minor faults may be encountered in the underground facilities but their distribution could not
been well characterised from the results of investigations in boreholes HDB-3 and HDB-6, drilled around
the underground facilities, or from surveys of outcrops.

(2) Change in groundwater flow associated with construction of the underground facilities

The construction of the underground facilities would induce hydraulic perturbation (e.g. pore pressure
decrease around the facilities, hydraulic gradient directed towards the facilities). The change in the regional
groundwater flow and inflow rate into the underground facilities was estimated assuming the geological
structure discussed above. The analysis for inflow rate was carried out using the equivalent heterogeneous
continuum model™ discussed in Section 4.2, assuming that groundwater inflow into the underground
facilities would be influenced mainly by the distribution of minor fault zones.

1) Analytical method and conditions

A smaller analytical region was established within the domain discussed in Subsection 4.2.4, modelling
three shafts and a horizontal drift (Figure 4.6.3-2). The total head obtained in the analysis in Subsection
4.2.4 was used for the lateral boundary condition. The same hydraulic conductivity was used as in the
analysis in Subsection 4.2.4. The specific storage was established by fixing the hydraulic diffusivity, i.e.
the ratio of hydraulic conductivity and specific storage, at the point where the hydraulic conductivity was
107 m s or higher, taking the compaction rate of the rock and the water filling the pores in the rock into
account; this was because the specific storage obtained by hydraulic tests showed abnormal values at
points with a hydraulic conductivity of 107" ms" or higher. The excavation timeplan assumed in the
analysis is shown in Figure 4.6.3-3. An analysis of ten realisations (the same as in Subsection 4.2.4) was
conducted.

Ventilation Shaft
140 m Drift

West Shaft
280 m Drrift

East Shaft

400 m Experimental Drift

500 m Experimental Drift

Underground facilities

Figure 4.6.3-2 Nested model employed for inflow analysis
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Figure 4.6.3-3 Excavation timeplan assumed in the simulation

2) Analytical results

The results for realisation”1 are shown in Figure 4.6.3-4 as a typical example of the estimation of the
inflow rate into the underground facilities. The total inflow rate increased sharply around 600 days after the
start of excavation @ and B| in the figure) and reached almost the maximum value when completing the
excavation of 140 m Drift. In terms of individual shafts and drifts, the inflow rate was large at three
locations — the Ventilation Shaft, the 280 m Drift and the 400 m Drift; almost no inflow rate was observed
at the East Shaft, the West Shaft and other drifts. This is because the minor fault zones with particularly
high permeability in the Wakkanai Formation intersect the above three locations where large inflow rate
was observed. The reason for the inflow rate at the 400 m Drift increased while it decreased at the
Ventilation Shaft and the 280 m Drift ( in the figure) may be because the 400 m Drift encountered the
highly permeable minor fault zones that the Ventilation Shaft and the 280 m Drift had already penetrated.

For all ten realisations where the random value of fault zone formation was changed, the average value and
the range of variation of the inflow rate are shown in Figure 4.6.3-5. The plot in the figure indicates the
average values for the ten realisations and the bars indicate maximum and minimum values. From this
figure, the range of variation due to differences in the distribution of the minor fault zones was as large as
2,000 m’ d'. The volume of water inflow started to increase when the Ventilation Shaft, which was
excavated ahead of others, reached the Wakkanai Formation (about 600 days after the start) and nearly
80% of the total volume of inflow rate emerged after about 1,250 days, when the shaft excavation was
completed. No increase in inflow rate volume was seen at the time when the excavation of the West Shaft
began (later than the others). This is thought to be due to the drainage effect, whereby the water pressure
around the shaft decreased owing to the inflow rate in the Ventilation Shaft, the East Shaft and the other
drifts excavated ahead of the West Shatft.

The distribution of the total head along the vertical cross-section running through the East and West Shafts
after construction of the underground facilities is shown in Figure 4.6.3-6 (the result for realisation’] as an
example). For a more comprehensive illustration of the effect of excavating the underground facilities, a
contour is shown with the difference from the initial condition before starting the construction. The
decrease in total head caused by the construction was distributed as if it were separated by the minor fault
zones around the underground facilities, i.e. total head decreased in the area surrounded by the minor fault
zones and the impact behind them was small, suggesting the formation of so-called compartments.
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Figure 4.6.3-5 Groundwater flow into the underground facilities (all realisations)
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Figure 4.6.3-6 Pressure decrease around the underground facilities (realisation#1)
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(3) Change in groundwater chemistry associated with construction of the underground facilities

The construction of the underground facilities would cause a groundwater flow that draws surface water
and eventually causes a change in groundwater chemistry by mixing between the meteoric water, shallow
subsurface water and deep groundwater. In addition, a flow path created through excavation would supply
atmospheric O, to the surrounding rock via shafts and drift. For dissolved gases in the groundwater (e.g.
CO; and CH,), degassing would be expected owing to the lowered pressure around the shafts. These
phenomena constitute hydrochemical perturbations that occur associated with the excavation of shafts etc.
and should be interpreted as chemical reactions in the gas phase (i.e. O,, CO, and CHy), the liquid phase

(groundwater) and the solid phase (i.e. concrete lining and rock).

1) Analytical method

The change in groundwater chemistry around the underground facilities induced by construction was
analysed on two scales: about 4 km x 8 km around the URL site and approximately 3 km radius around the
underground facilities. The computer code TOUGHREACT EOS2**® was used in this analysis, which was
developed based on the non-isothermal/multi-component/multi-phase groundwater analysis code
TOUGH2V2.0%?, to which geochemical calculations and a solute transport analysis function were added.
The processes that the code can address include transfer of multi-component/multi-phase fluid and heat,
migration of chemical species in gas and liquid phases by advection/diffusion, formation of water-soluble
complexes, acid-base reactions, redox reactions, dissolution of gas or degassing, dissolution/formation of

. . . . 238)239
minerals, cation exchange reactions and surface sorption )239)

For the analysis addressing the effects of degassing and the change in water chemistry owing to lowering
of the water pressure on a regional scale, the analysis domain was set as the area with about 4 km x 8 km,
centring on the URL site (Figure 4.6.3-7). The analysis mesh used to estimate the changes in groundwater
chemistry was more elaborate near the underground facilities, where the changes in groundwater flow field
and chemistry were expected to be larger (Figure 4.6.3-8).
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Figure 4.6.3-7 Domain for analysis on a regional scale
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Figure 4.6.3-8 Hydrogeological model for the regional-scale analysis

For the scoping analysis of changes in groundwater chemistry around the shafts owing to degassing of CO,

from the groundwater, a coupled analysis of a two-phase flow (CO, and water) was carried out to examine

chemical reactions around the shaft (e.g. pH, calcite precipitation etc.), as shown in Figure 4.6.3-9. A

homogeneous 1D axially symmetric model with a 3 km radius and 1 m thickness was applied for analysing

the rock — water — (gaseous phase) reaction around the shafts (Figure 4.6.3-10).
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Figure 4.6.3-9 Potential phenomena around the shaft
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Figure 4.6.3-10 1D model for analysing the rock-water-(gaseous phase) reaction
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2) Analytical conditions

For the regional scale analysis, the surface boundary was defined as the rainfall recharge condition and the
side and bottom boundaries were defined as being impermeable. In order to establish the rainfall recharge
as the surface boundary condition, the groundwater flow analysis was conducted for a rainfall recharge of
3-600 mmy"' and the result was compared with the measurements. Since the hydraulic head of the
groundwater changed little compared with the two order of magnitude change in the rainfall recharge, the
estimated rainfall recharge around the URL site, 300 mm y™', was used as the boundary condition. The
condition for the shaft walls after excavation had been assumed to be atmospheric pressure, but was
actually set considering the flow rate from the grid where the shafts are allocated™™. The depth of three
shafts was set as 500 m and the excavation process was not taken into account.

For the analysis addressing the rock — water — (gaseous phase) reaction around the shafts, the partial
pressure of CO, was fixed as 20% of the total pressure and the temperature as 25°C. The pressure at the
boundary was fixed. The groundwater chemistry obtained from borehole HDB-6 was used as the initial
condition. The groundwater chemistry was calculated assuming that the partial pressure of CO, was
increased to a certain point. Calcite was selected as the secondary mineral formed as a result of degassing.
The calcite tends to be affected by the partial pressure of CO, and is easily formed or dissolved over a
short period of time. Before setting the partial pressure of CO,, a hydrochemical calculation was carried
out using the Geochemical Workbench for the pH, mineral compositions and sedimentation. The partial
pressure of CO, was calculated from the HCO;5™ concentration and pH obtained from the investigations in
boreholes HDB-1 to HDB-8. As a result, the partial pressure of CO, was higher than that in the
atmospheric air and was likely to increase to a maximum of 0.02 MPa with increasing depth. Since the
groundwater samples were collected at the surface, the partial pressure of CO; in situ would be even higher.
For the analysis, therefore, the gas phase molar ratio at depths of about 250 m and 500 m was defined as
20% and the partial pressure of CO, as 0.5 MPa and 1 MPa at the respective depths. In addition, different
water/gas relative permeability curves (@ and |E| in Figure 4.6.3-11) were applied for understanding the
effect of gas retention in the groundwater. The analysis was then conducted for five cases (Cases 1-5;
Figure 4.6.3-11) using the fixed values of rock porosity and compressibility of 40% and 1 x 10” Pa™

respectively.
Parameter Unit Case 1 Case 2 Case 3 Case 4 Case 5
Hydraulic conductivity ms']| 1x10° | 1x10® | 1x10° | 1x10® | 1x10°®
Relative permeability curve - a a a a b
Hydraulic pressure [MPa] 2.5 25 5 5 5
Initial PCO2 [MPa] 0.5 0.5 1 1 1
1.0

0.8

0.6 \Ke Ko K /
0.4 /
0.2

0.0 f——— -2 e
0.0 0.2 0.4 0.6 0.8 1.0

Water Saturation

Relative permeability curve

k . Water relative permeability
k{;: Gas relative permeability
a:5_=0305_=0.00
b:S =002 5 =0.24

S, : Water residual saturation
S,, : Gas residual saturation

Relative Permeability

Figure 4.6.3-11 Parameter settings for each analytical case
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3) Analytical results

The evolution of the CI” concentration is shown as an example of the regional scale analyses in Figure
4.6.3-12. In fractured rock, groundwater would flow preferentially through channels (i.e. interconnected
pores) in the fractures. This figure shows the result of an analysis case where the fracture porosity needed
for solute transport to occur is extremely small (1%). Groundwater flows towards the shafts, which causes
the saline groundwater to be diluted by the fresh water from the ground surface, and a groundwater flow
field moving from deep subsurface towards the shafts is formed. From this analysis, the changes in water

chemistry depend largely on the rock porosity and on the accuracy of the hydrogeological structure model.

[mol 1] _

Figure 4.6.3-12 Estimated CI" concentration in groundwater during/after shaft excavation

The results of analysis Case 5 are shown in Figure 4.6.3-13 as an example of the analysis addressing the
rock — water — (gaseous phase) reaction around the shafts. It indicates that degassing occurs and the partial
pressure of CO, decreases when the pressure of the groundwater around the shafts becomes lower than the
partial pressure of CO, (1 MPa) in the groundwater. The decrease in water pressure stops after around five
years. The pH decreases in the range where degassing occurs. When the pH is 5.7 or lower, calcite will
precipitate.

It has been shown from the results described above that the analysis code TOUGHREACT is applicable for
chemical changes (decrease in partial pressure of CO, and change in chemical composition), mineralogical
changes (such as calcite formation/dissolution) and hydraulic changes (change in hydraulic conductivity
with the formation/dissolution of secondary minerals). Together with advances in analytical methods, the
accuracy of this approach will be further improved based on observation of changes in water chemistry
around the underground facilities associated with the construction of the facilities.
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Figure 4.6.3-13 Estimated rock-water-(gaseous phase) reaction around the shaft

(4) Change in rock mechanical properties associated with construction of the underground facilities
A scoping analysis was conducted with the aim of predicting the extent and properties of the EDZ formed
in the surrounding rock associated with construction of the underground facilities. The geological structure
around the underground facilities shown in Figure 4.6.3-1 and the findings from the investigations

discussed in Section 4.4 were taken into consideration.

1) Analytical method and conditions

For modelling the rock, a constitutive law that can express strain softening behaviour was applied for the
Wakkanai and Koetoi Formations (Figure 4.6.3-14), based on the findings and conceptual model as
discussed in Section 4.4. The rock at the URL site was classified into three zones in terms of its properties
in the vertical direction and the properties for the analysis required for the constitutive law were then
assigned to each of three zones. Parameters of rock mass properties were determined by fitting the
stress-strain curve of the triaxial compression test through trial-and-error in order estimate in situ rock
stress conditions. For ZONE 2, where variation of the properties within the zone was large, the analysis
was conducted by assigning values separately at the central point of the zone and at the upper boundary
(the Koetoi Formation) so that the extent of the EDZ would be large. Mohr — Coulomb type destruction
was applied as the standard and the finite difference analysis code FLAC® was used.

The 2D model crossing orthogonally to the shafts and the horizontal drift was used as the basis for the
analysis. The cross-sections were selected in the horizontal drifts at depths of 140, 280, 400 and 500 m,
where investigations will be focussed in Phase II and data obtained for checking the reliability of the
results of the scoping analysis. Since the effects of the strain softening behaviour that will occur with the
progress of excavation on the development of the plastic field in the 2D cross-section were unclear, a 3D
analysis was also conducted concurrently to visualise the effects (Figure 4.6.3-15). In the 3D analysis, the
ultimate specifications and construction processes for the support measures incorporated into the design of

the underground facilities was illustrated as close to reality as possible using the model (Figure 4.6.3-16).
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Figure 4.6.3-14 Basic concepts for 3D numerical simulation for prediction of the EDZ

) Horizontal principal
Atpeak Residual Dilation ) . stress’ Elastic |Poisson

Depth angle Unit | Vertical modulus | ratio

ZONE* Internal Internal o weight | stress | Maximum | Minimum

[mbgl] Cohesion| friction |Cohesion | friction | ¥ | kN m? | [MPa] oH oh E v
C[MPa] | angle |Cr[MPa]| angle [’] [GPa] | [GPa]
. o [MPa] [MPa]
2[] or [°]

140 1.50 17.0 0.81 16.4 4.0 15.50 2.13 2.77 1.92 0.30 0.15
220 1 2.00 12.0 1.08 11.6 4.0 15.70 3.39 4.40 3.05 0.40 0.13
280 2.44 17.5 1.32 16.9 4.0 16.30 4.48 5.82 4.03 0.50 0.08
1.70 15.0 0.80 17.0 15.80 0.50 0.10
385 | 2 410 | 250 | 130 | 250 | 30 | 4740 | 602 | 78 542 1 096 | 022
400 3 3.56 27.5 0.68 31.2 3.0 18.50 7.26 9.44 6.53 1.25 0.26
450 4.00 27.5 0.76 31.2 3.0 18.70 8.25 10.73 7.43 1.30 0.26

*ZONE defined according to the rock mechanical conceptual model presented in Section 4.4
**w: Necessary for strain-softening model
"In situ stress conditions assumed based on the estimated overburden pressure
ZONE 1: oy = 4.40 MPa, o, = 3.05 MPa; ZONE 2: oy = 7.82 MPa, o, = 5.42 MPa; ZONE 3: oy = 9.44 MPa, o, = 6.53 MPa

3D mesh (half section)

Red: Shaft, Blue: Tunnel near-field

Figure 4.6.3-15 Parameter settings (upper) and 3D mesh (lower) for numerical simulation
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Figure 4.6.3-16 Model for the excavation process (upper) and the properties of supports (lower)

2) Analytical results

The development of a plastic zone in the rocks around the shafts obtained by the 3D analysis is shown in
Figure 4.6.3-17. The result indicates that the plastic zone may extend as wide as a few metres from the
tunnel wall, in the case using the properties at the upper boundary of ZONE 2, i.e. the same values as those
for the Koetoi Formation. This was inconsistent with the result of the 2D elasto-plastic analysis conducted
for designing the underground facilities. This was because the initial stress used for the boundary condition
at this cross-section was the value at the centre depth of ZONE 2, which would have been too large. The
distribution of stress acting on the tunnel support determined for the working design of the underground
facilities was different from the result of the 2D plastic analysis, but, as shown in Figure 4.6.3-18, the
stability of the stress distribution was not lost in the 3D analysis.

The extent of the plastic zone obtained by the 3D analysis was compared with that from the 2D analyses,
both for the same cross-section as shown in Figure 4.6.3-19. It can be concluded that the extent of the
plastic zones derived from both analyses was consistent, with only minor discrepancies. The displacement
was larger in the case where strain softening behaviour occurred for the 3D analysis compared to the case
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for the 2D analysis. Considering the above results, when estimating the extent of EDZ, the sizes of the
plastic zone obtained by evaluating the stress and the size of the zone where shear strain exceeds critical
shear strain (the Wakkanai Formation: 1.0%, the Koetoi Formation: 0.5%) determined from the laboratory
tests were compared and the larger values were taken as the estimated values for the EDZ range.

Depth of target 3D vi Tunnel face at 2 m before Tunnel face at 10 m after
section [mbgl] view excavation of target section | excavation of target section

R
FF
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(ZONE 1)

<1
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kiR

HE
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(ZONE 2)

Use of ZONE 1
mechanical
properties

355
(ZONE 2)

Use of ZONE 2
mechanical
properties
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« Yellow colour represents a plastic zone; orange colour shows a tensile failure area (plastic zone).

Figure 4.6.3-17 Calculated extent of plastic zones caused by excavation in the surrounding rock
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Figure 4.6.3-18 Calculated stresses in the supports of a shaft
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Figure 4.6.3-19 Comparison of the extent of plastic zones (upper) and radial displacements

(lower) calculated by 3D and 2D numerical simulation
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The conceptual model of the EDZ assumed based on the investigation and test results and the size of the
plastic zone estimated analytically, together with the mechanical and hydraulic properties of the plastic
zone are shown in Figure 4.6.3-20. The mechanical properties of the EDZ depend on the stress — strain
curve in the model; the mechanical properties in the EDZ are under the residual strength and those outside
the EDZ are under elastic conditions. The hydraulic properties depend largely on the local shear
destruction due to the strain softening and were treated in such a way as to take this dependence into
account. Specifically, the range of variation of hydraulic conductivity was determined by considering the
depth dependence of hydraulic conductivity and the vertical stress dependence of the hydraulic
conductivity of fractures discussed in Section 4.4 and comparing these with the analytically determined
stress conditions. As a result, the hydraulic conductivity can vary by about one order of magnitude within
the EDZ.

Estimation of the extent and properties of the EDZ (areas A and C)

Degree of property change'
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Figure 4.6.3-20 Estimated extent of the EDZ and its mechanical and hydraulic properties
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The reliability of the estimations discussed above will be checked through investigations in Phase II. Since
the possibility of a large plastic zone was indicated near the boundary between ZONE 1 and ZONE 2 in
this analysis, a 3D model including ZONEs 1-3 will be constructed and an analysis/evaluation conducted.
As shown in Figure 4.6.3-21, it was found that the zone that will undergo significant destruction due to
borehole breakout phenomena would be around half the diameter or the full diameter of the borehole,
based on the borehole shape of the horizontal cross-section reconstructed using the results of BHTV
logging conducted at a depth of 800 m or more in borehole HDB-11. In a shaft with a shape identical to
that of the borehole, significant destruction zones near the shaft wall could occur at a depth shallower than
that of the borehole breakout, considering the atmospheric environment inside the shaft and the scale effect
of the rock properties. This finding would be important for evaluation of excavation damage and planning
of in situ experiments related to the engineered barriers in Phase II and subsequent phases. The analysis to
restore destruction phenomena using developed modelling techniques and examination of phenomena on
the scale of the shafts and tunnels will be conducted.
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Figure 4.6.3-21 Borehole breakout and reconstructed borehole shapes in borehole HDB-11
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4.7 Development of techniques for characterising the geological environment

The techniques used in the Phase I investigations, described in Chapters 3 and 4 (see also Appendix 3),
include conventional ones, those modified to achieve specific investigation goals, newly developed
techniques and those with improved reliability through combination of several techniques. The results of
applying these investigation techniques at Horonobe will provide useful input for planning and
implementing investigations of sedimentary formations in areas other than Horonobe in the future. In
addition, practical experience (e.g. a wealth of know-how, a number of mistakes) gained through the Phase

I investigations will help to come up with ideas and plans to further improve the investigation techniques.

For each of the investigation fields including geological, hydrological/hydrogeological, hydrochemical and
rock mechanical investigations, this section summarises the key techniques for acquiring relevant data and
for assuring the data quality and the key findings relating to these techniques for sedimentary formations. It
also discusses borehole investigation and environmental monitoring techniques that play an important role

in the surface-based investigations.

4.7.1 Borehole investigation techniques

A deep borehole programme is the only investigation in Phase I that was able to directly sample rocks and
groundwater at depth and observe a variety of properties of the deep geological environment. Because data
acquired through borehole investigations will be used in the subsequent modelling and analyses of the
geological environment and the final safety assessment and the design of the underground facilities, quality
control (QC) of the investigations will be of importance. Since the cost of the borehole investigations
increases with drilling depth and the quantity and quality of the investigation, the investigations must be
conducted in such a way as to acquire as much information as possible from single borehole. To this end,
borehole investigation techniques were optimised in a stepwise manner, which involved the improvement

of drilling techniques as a main component.

(1) Planning of the borehole investigations

The borehole investigations require drawing a detailed overall investigation programme and specifying the
details of each testing in advance. For this purpose, it is necessary to predict a geological profile showing
stratigraphical boundaries and faults and the distribution of hydraulic, hydrochemical and mechanical
properties at the drilling site based on all available information before planning the borehole investigations.
Based on these predictions, key issues to be addressed in the investigation programme are required to be
specified, which will enable the goals of the investigations to be clearly defined. The layout of borehole as
well as the investigation targets and methodologies should then be optimised, taking into consideration the
time and budget expected for, and restrictions on, the investigations. Although the borehole investigations
are suitable and effective for characterising and evaluating the geological environment, drilling itself
disturbs the geological environment and consideration should also be given to restricting the impact on the

environment to a minimum.

Of great importance is to plan flexibly so that, if an unexpected event such as lost circulation, seepage flow
and borehole collapse occurred during drilling, activity can be halted to take appropriate measures and to
conduct feasible investigations, providing feedback to the investigation programme. Preparation of
measures and backup solutions to major potential problems mentioned above is thus of great importance to
gain the promising results of the borehole investigations. It is also required at this stage to prepare QC
manuals and systems for the investigations. The investigation targets, methodologies and QC criteria
should be revised in an appropriate manner with the progress of the investigations.
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Figure 4.7.1-1 shows the investigation programme to be conducted in borehole HDB-11 as an example,
which involves drilling steps, casing programme, drilling and reaming diameters, drilling fluid,
investigation items and intervals etc. along with the geological and hydrogeological predictions that were
made based on the information available before starting the borehole investigations. During the
investigations, this plan was optimised in an appropriate manner based on the results of drilling and
investigations.

(2) Borehole drilling techniques

1) Selection of drilling fluid

When drilling (soft) sedimentary rocks, much effort should be devoted to maintaining borehole stability for
long time periods because the rocks are mechanically unstable and usually have swelling properties. A
careful review is therefore required for the selection of suitable drilling mud. Here consideration should be
given not only to greater effect on physically protecting the borehole wall but also to less impact on the
subsequent investigations in the borehole (e.g. hydraulic tests, groundwater sampling), efficient removal of
cuttings from the borehole, safe on-site handling, transparency of product information and fast and easy

domestic procurement.

Prior to the first borehole investigations, the applicability of silicate mud for drilling was evaluated as it
has the capability of restricting the swelling effects of clay minerals. A laboratory test was first conducted
to determine the adhesion of silicate mud on borehole walls and the infiltration of mud into the rock. The
results of the test showed that a combination of silicate mud and KCI (rather than silicate mud alone) was
more effective because of the higher resistance to swelling and less adhesion to rock surfaces. An
application test was then conducted at an off-site field; a borehole was drilled using the silicate mud and
KCI1 mixture to determine the effectiveness of a method for removing mud and the effect on hydraulic
conductivity. Although silicate mud could be removed from the borehole wall by NaOH solution, a
significant effect of silicate mud was obvious on hydraulic conductivity in highly permeable zones whereas
the effect could not be identified in impermeable zones. In any cases, a second exchange by artificial
formation water was needed.

Practically it would be difficult to manage the use of strongly alkaline solutions on-site and to take
measures such as the use of alkali-resistant drilling tools in the borehole. More seriously, a significant
impact of such solutions would be expected on groundwater chemistry**”. Since the target sedimentary
rocks (the Wakkanai and Koetoi Formations) was found to have low swelling properties owing to a low
content of swelling clay minerals, it was decided not to employ silicate mud for drilling boreholes.

For boreholes HDB-1 to HDB-5, in order to minimise the drilling-induced disturbances, drilling with fresh
water was conducted from near surface down to the depth range of 54-405 m. As a result, the borehole
wall remained mechanically unstable and eventually the borehole enlarged considerably (up to 2.5 times
larger than the drilled diameter), thereby not allowing hydraulic tests and groundwater sampling to be
carried out in such sections. It was therefore decided to use bentonite mud for further drilling so as to
stabilise the borehole wall and lift cuttings efficiently out of the borehole. Based on the practical
experience on-site, less dense bentonite mud of 5-6 wt% without any additives was found to be suitable for
these purposes. Figure 4.7.1-2 shows the comparison of the borehole diameters of the sections drilled with
fresh water and with bentonite mud for boreholes HDB-3 and HDB-4. For boreholes HDB-6 to HDB-11,
drilling and long-term stabilisation with bentonite mud were successfully achieved.
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Figure 4.7.1-1 Overview of the HDB-11 borehole investigation programme
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Figure 4.7.1-2 Comparison of borehole diameters between the sections drilled with fresh
water and with bentonite mud

2) Protection against explosions of flammable gas

When drilling boreholes in areas where flammable dissolved gas is present in the groundwater, explosion
protection measures are required to protect against possible blowouts. The borehole investigations carried
out in the past for oil and natural gas exploration indicate possible oil and natural gas occurrences in the
Horonobe Town area, meaning that gas blowout could occur during drilling, as described in Chapter 3. For
this reason, a blowout preventer (BOP; Figure 4.7.1-3) was installed at the borehole mouth?*”. The Mine
Safety Regulations (For Petroleum Mine — 1996 Edition)**" were applied to determine the stress resistance
of various types of valves and BOPs and to manage safety at the drilling site.

Figure 4.7.1-3 Blowout preventer (BOP) mounted at borehole mouth
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3) Selection of drilling tools

Basically, the method of all core drilling was applied to the borehole during investigations for acquiring
multidisciplinary data on the geological environment. However, the drill rods used in conventional
geothermal and resource development are unsatisfactory in terms of pressure resistance and strength to
allow installation of the above-mentioned BOP. The drill rods used in oil exploration could not be used for
full wireline coring since they are basically designed for partial sampling of cores (i.e. spot coring). A drill
rod that can be used with the BOP to allow safe full coring using the wireline technique was therefore

manufactured for use in oil or gas bearing sedimentary formations.

4) Drilling and casing installation

Investigations carried out in the borehole include geophysical logging, fluid logging, hydraulic testing,
groundwater sampling, rock mechanical testing and long-term monitoring (see Subsection 2.2.2). When
conducting these investigations in sedimentary rock, if a casing programme is not formulated, there is a
possibility of problems occurring such as borehole collapse or enlargement. Sometimes the borehole itself
may become unusable because tools may become jammed owing to borehole collapse. A multi-phase
drilling process was therefore adopted in order to achieve a self-supporting borehole and to ensure
successful implementation of the investigations. More specifically, the entire drilling process was divided
into several steps and the borehole was cased at each step. The layout of the casing pipe was determined
based on information on the geological environment at the drilling location taking into consideration key
features, such as lithostratigraphical boundaries, fault distribution, location of inflow points, and the plan
for the long-term monitoring of groundwater level, pressure and water chemistry after the borehole
investigations. The casing programme thus consisted of four stages and casing was installed along the
entire length of the borehole.

The rotary wireline drilling method, which is capable of bearing heavy loads in terms of lifting/lowering
drilling tools, was used to prevent drilling tools from becoming jammed by collapse of the borehole walls
by swelling. In addition, the diameter of fully cored boreholes was determined as 158.8 mm (6 1/4”),
which is the basic standard for various drilling tools used in oil exploration and geophysical and fluid
logging tools can easily be adapted to these dimensions. The wireline drilling tools used in geothermal
development and hot spring surveys could not be used with this borehole size and all tools, including
diamond bits and core barrels, had to be newly manufactured.

After completing the drilling and the borehole investigations, the first, second and third stages of the
borehole were enlarged using tricone bits with diameters of 444.5 mm (17 1/2”), 311.2 mm (12 1/4”) and
215.9 mm (8 1/2”) respectively. Casing pipes with diameters of 339.7 mm (13 3/8”), 244.5 mm (9 5/8”),
177.8 mm (7”) and 114.3 mm (4 1/2”) were then fixed by using either a single-stage cementing or an
inner-string cementing technique. After installation of the casing pipes, jet perforation was conducted at the
intervals/depths that were selected based on the investigation results (e.g. distributions of fracture zones,
hydraulic conductivity, groundwater chemistry etc.) for long-term hydraulic and hydrochemical monitoring.
As an example of borehole completion, the final layout of borehole HDB-6 is shown in Figure 4.7.1-4.
However, one of the problems involved in using this method is that water collected from the intervals
became contaminated through contact with the cement and the casing pipe (carbon steel).
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Figure 4.7.1-4 Final layout of borehole HDB-6

5) Drilling parameter monitoring

Monitoring of drilling parameters, such as volume of blowout gas, supply/return and pH of drilling fluid
and rotation speed and torque of the drilling rod, is of importance not only for ensuring safety during
operations but also for acquiring, although not directly, geological, hydrogeological, hydrochemical and
rock mechanical information in real time. As an example, the results of continuous drilling parameter
monitoring in borehole HDB-6 are presented in Figure 4.7.1-5. Such monitoring allows identification of
any indications of gas blowout, the status of inflow and lost circulation, relative changes in lithology and

rock strength etc.

In borehole drilling in Phase I, concern particularly focussed on the concentrations of CH4 and other gases
and supply/return of drilling fluid. The gas concentration was taken into account in controlling the
environment at the drilling site and in the safety management of gas blowout. Data on the supply/return of
drilling fluid indicated the occurrence of inflow and lost circulation and hence changes in hydraulic
conductivity could be estimated. Such a change was indicative of the presence of a water-conducting
fracture or a highly permeable zone. For example, when significant lost circulation occurred, drilling was
halted to conduct hydraulic testing and groundwater sampling at the interval of lost circulation. Suspending
drilling immediately after encountering such feature provides an opportunity to eliminate the effects of
drilling fluid and less contaminated groundwater samples can be obtained in a short period of time.
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4.7.2 Geological investigation techniques
When planning and conducting the geological investigations, concern should be focussed on the following
points:

o The costs of borehole investigations and tunnel excavation account for a large proportion of the total
cost of the geological investigations. Reducing the financial burden depends on what detail of
characterisation can be achieved using geophysical surveys.

e  Geophysical surveys are cost-effective, providing data covering wide areas, and non-destructive to the
geological environment, in contrast to borehole investigations providing only point but detailed
information. Both techniques will play a major role in preliminary and detailed investigations.

e  When conducting the geological investigations, it is necessary to formulate area-specific investigation

methods and specifications”.

The first half of this section focusses on techniques relevant for geological investigations, including aerial
electromagnetic surveys, aerial magnetic surveys and aerial radiometric surveys and resistivity surveys and
reflection seismic surveys as typical surface-based methods. The relevance of these surveys is discussed
from the viewpoint of area-specific characteristics. The latter half of this section highlights investigation
techniques for long-term geological stability.

(1) Aerial reconnaissance survey techniques

Aerial geophysical surveys are effective in the initial stages of regional investigation programmes for
providing a general understanding of the geological structure over a large area. Electromagnetic surveys
are suitable for characterising rock types, magnetic surveys can identify geological structures at greater
depth or on a larger scale and radiometric surveys can be used to investigate large-scale near-surface
discontinuities.

In this project, a helicopter was used for the aerial electromagnetic, magnetic and radiometric surveys,
which required taking measures to protect grazing cattle on the stock farms in the area against helicopter
noise”. An electromagnetic sensor was basically kept at a height of 30-60 m above ground and was flown
at a speed of 50-80 km h™'. When flying directly above farms located within the survey range, the flight
took a 200 m detour to prevent disturbing the cattle. When a detour could not be made, the flying height
was increased to 120 m or more. Measures were also taken to accustom the cattle to the noise of the

helicopter.

Although the measurement heights mentioned above did not have much impact on the analysis of aerial
magnetic and radiometric surveys, they did affect the analyses of aerial electromagnetic surveys to some
extent”. Although the standard height from the ground for a magnetic sensor is 45 m, i.e. 15 m higher than
for the electromagnetic sensor, all data could be used for the analyses because the data obtained by aerial
magnetic survey are measurements of the potential field and, even though the size of the magnetic anomaly
that could be detected may vary depending on the measurement height, this variation was small enough to
be ignored compared to the order of variation of magnetism indicated by the geological structures. A height
correction also had to be also in the aerial radiometric surveys because the gamma radiation from the
surface is attenuated by the airspace. However, since it is already known that the intensity of radiation is
attenuated exponentially as height above ground increases, data obtained at a height of 180 m above
ground can be corrected to allow them to be treated equivalently to the data obtained at the reference
height. All the data obtained could therefore be used for the analysis. However, some of the apparent

resistivity calculated from data obtained by aerial electromagnetic survey had to be excluded from the
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analysis because the calculations were based on data obtained at a height beyond the acceptable limit.
More specifically, an evaluation was made of the apparent resistivity obtained at 56 kHz, which is most
prone to being affected by height. As a result, no significant difference in apparent resistivity was observed
between data obtained at a height of up to 90 m and at a height of up to 100 m, while data obtained at a
height of up to 110 m showed a significant difference. Measurement data obtained at a sensor height of
100 m or below were used for the analysis.

When conducting aerial geophysical surveys in an area where livestock farms are located, it should be
borne in mind that not all data may be used for the analysis because of restrictions based on measurement
height (Table 4.7.2-1).

(2) Surface-based investigation techniques

1) Effectiveness of resistivity surveys

In formations consisting of marine sedimentary rock exposed at the ground surface, such as the Wakkanai
and Koetoi Formations, mixing of fossil saline water incorporated when the formation was deposited at the
sea bottom and freshwater infiltrating from the surface occurs in the shallow parts of the formation. The
differences in salinity of the formation water cause a contrast in the resistivity in such a formation; a
freshwater infiltration zone can easily be identified from the distribution of resistivity. In particular, in a
formation with no significant variation in lithofacies, the distribution of the freshwater infiltration zone is
highly likely to be controlled by geological structures (e.g. fault zones) and their hydraulic properties.
Consequently, when determining the location of fault zones in such a formation, measuring the resistivity
in shallower zones by resistivity survey (e.g. MT electromagnetic survey) would be effective. A series of
investigations based on an AMT electromagnetic survey33) conducted at the Omagari Fault in the URL area
(Figure 4.1.3-6) is one case that demonstrates the effectiveness of this approach®”.

The interpretation of the resistivity structure may, however, vary depending on depth, even for the same
investigation data. For example, Takakura et al.”*” have highlighted two different approaches for
interpreting subsurface resistivity structures in an oil-bearing sedimentary basin similar to the Horonobe
area (Higashikubiki area in Niigata Prefecture): reduction of the salinity of the formation water owing to
the infiltration of meteoric water for the shallower zone (approximately 1 km or less in depth) and a high
content of clay minerals with a high ion-exchange capacity for the deeper part (approximately 1-3 km in

depth). In addition, the AMT electromagnetic survey’> )

conducted to a depth of 1 km or less in the area
indicated a high resistivity zone at a depth of 300—1,000 m. The zone was interpreted to correspond to the
zone along the Omagari Fault into which meteoric water has infiltrated®”. However, high-density electrical
surveys conducted at a depth of 300 m or less along the same survey line as the ATM survey indicated that
the area assumed to be the Omagari Fault was a zone with a fairly low resistivity (Figure 4.7.2-1). This was
interpreted as indicating a high water content in the area along the Omagari Fault'”. As can be seen from
the above, it should be kept in mind that the interpretation of resistivity structures varies depending on
depth, even for the same investigation data (Table 4.7.2-1). The target depth for investigation should be set
deeper at first and then gradually reduced for conducting effective stepwise resistivity surveys because the

resolution of the analyses improves as depth decreases.
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Figure 4.7.2-1 Interpretation of resistivity profiles by high resolution electrical survey
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Table 4.7.2-1 Applicability of various geological and geophysical investigations

1000

Availability of data from airborne survey

Method Stock farm area Non-stock farm area
Airborne electromagnetic survey - +
Aeromagnetic survey + +
Airborne radioactive survey + +

Distribution and hydraulic properties of fault in massive marine deposits

Method

Shallow subsurface (< 1 kmbgl)

Deep subsurface (> 1 kmbgl)

Resistivity investigation

++

Resolution of reflector by reflection seismic survey

Shot/receiver interval

Weakly bedded/laminated rocks

Clearly bedded/laminated rocks

Normal - +
Densely - ++
Recording of seismic data by reflection seismic survey
Shot condition Road Pasture
Vibrator ++
Impactor + +
Image of seismic recreation

Method Folding geological structure Flat geological structure

VSP - ++
Description of fault

Method Strike-slip Dip-slip
Stripping ++ -
Trench + ++

++: very good, +: good, —: not good
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2) Applicability of reflection seismic surveys

Although reflection seismic surveys were conducted around the URL area®, the interpretation of the
reflecting surfaces proved very difficult” because the Wakkanai and Koetoi Formations have homogeneous
petrophysical properties and the survey layout was not ideal owing to restrictions on land use. An
evaluation was therefore made to determine what difference there would be in the continuity and resolution
of the reflector by changing the intervals of shot/receiving points and shot methods for surveys in such

)

formations. The applicability of a multi-offset vertical seismic profile (VSP) survey”® was also evaluated.

Here discussion is also made on how to implement reflection seismic surveys using a stepwise approach.

i) Difference in reflection profile resulting from changing shot/receiving intervals

In order to evaluate the difference in the reflection profile resulting from changing the shot/receiving
intervals, measurements based on two different intervals were carried out on the same survey line®®. The
shot/receiving intervals were set at 50 m/25 m for one of the measurements and 20 m/10 m (partially
10 m/5 m) for the other (Table 4.7.2-2). A comparison of the time — migration sections (Figure 4.7.2-2)
indicated that the continuity of the reflector observed in both measurements showed no significant
difference, although the reflection profile obtained with the higher density measurement showed a slightly
higher resolution. These measurements indicate that, when conducting reflection seismic surveys in an area
with homogeneous petrophysical properties, the continuity of reflector and the resolution will not always
be greatly enhanced even if the shot/receiving interval is set at a higher density.

Table 4.7.2-2 Specifications of reflection seismic surveys

. N High resolution reflection seismic
Reflection seismic survey
survey
Source Vibrator, mini-vibrator Vibrator, impactor
Shot interval 50 m 20mor10m
Source
Sweeps 8-60 Hz / 16 sec 10-100 Hz / 16 sec
Number of stacks 16 5 (vibrator), 20 (impactor)
. Receiving interval 25 m 10mor5m
Receiver -
Receiver SM-7 (geophone, f0 = 10 Hz) 9/ group | SM-7 (geophone, fO = 10 Hz) 9/ group
Recording system G-DAPS4 G-DAPS4
Recording Sampling rate 4 msec 2 msec
system ping
Record length 8 sec 5 sec
Shot / receiving interval
50/25 10/20 5/10  10/20
[} 350 l‘;;?ﬁ JS:_I ¥ 300 250 1 ? 10¢ L

R g A e
Lt by

0_0 .I 1 " | T

i
S

Two way time [s]

*1H14_Line1s time migration section A
by reflection seismic survey™ | s siSs= WSe resolution reflection seismic survey®®

Figure 4.7.2-2 Comparison of time — migration sections at different shot/receiving intervals
Lines shown near the URL site at N-NNE direction with approximately 1.6 km length

- 229 -



JAEA-Research 2010-068

ii) Difference in reflection profile resulting from different shot methods

Three measurements were conducted to determine the difference in reflection profile resulting from using
different shot methods: vibrator on a gravel road, impactor on the same gravel road and an impactor in
pasture land and the same gravel road’ 9 A comparison of the stacked profiles (Figure 4.7.2-3) obtained by
the vibrator and the impactor indicates that the profile using the former method was superior in terms of
the continuity of reflectors at many points. The comparison between the stacked sections obtained by the
impactor on the gravel road and the impactor in pasture land indicates that the continuity of reflector and
resolution recorded by the two methods are similar. The vibrator method would be preferable to the

impactor, but there is no significant difference between the gravel road and pasture land as the shot points.
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Figure 4.7.2- 3 Comparlson of stacklng record sections by dlfferent shot methods
Red arrows showing reflectors to be compared; After Takakura et al.?*?

i) Applicability of the multi-offset VSP survey

One of the advantages of the VSP survey is that it allows detailed characterisation of geological structures
by obtaining high resolution images of reflector. However, this advantage may be less clear if the images
obtained depend largely on the assumption of the velocity structures at the time of data processing for
analysis. For the multi-offset VSP survey carried out around the URL area, the locations of the reflector
obtained by zero-offset processing were more or less consistent with those obtained by the reflection
seismic survey”". In the common depth point (CDP) mapping carried out by simply assuming a horizontal
multi-layered structure, however, the dip direction and angle differed significantly from the result obtained
by the reflection seismic survey. This can be attributed to the fact that, in the formation in this area, dip
angles and directions vary from place to place. In such a case, consistency between the two methods can be
achieved by assuming a velocity structure that takes the dip of the formation into account in the CDP
mapping. However, incorporating such an assumption in the velocity structure may decrease the inherent
advantage of the VSP survey. Effective implementation of the multi-offset VSP survey would therefore be
difficult in an area with a complicated formation dip such as Horonobe area (Table 4.7.2-1).
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iv) Procedure for the reflection seismic survey

The above discussion suggests that, in order to perform reflection seismic surveys effectively in a stepwise
manner, they should first be carried out according to standard specifications (Table 4.7.2-2); more detailed
surveys should then be conducted only when the continuity of reflector and resolution obtained from the
first survey are relatively good and the VSP survey should be conducted only when the reflector are more
or less horizontal.

3) Applicability of fracture investigations

As described above in Section 4.1, minor faults at a high angle to the bedding plane with a preferential
strike slip are found widely in the URL area; these faults are potentially important as transport pathways in
the rock. Considering the displacement sense of these minor faults, observations in the horizontal plane
would be preferable for characterising basic geological parameters such as displacement and the evolution
process of these faults. However, surface outcrops in the Horonobe area are, in many cases, vertical planes
exposed by road cutting or similar activities and river bed outcrops are not suitable. In the Horonobe URL
project, therefore, a horizontal outcrop was formed artificially by stripping the overburden using heavy
equipment (Figure 4.7.2-4). As a result, many important aspects of the above-mentioned minor faults could
be characterised®?. Generally, the formation of a vertical cross-section (trench survey) is a well-known
method for observing active faults with preferential dip-slip, but artificially forming a horizontal outcrop as
in the present case is also effective for observing faults with preferential strike-slip (Table 4.7.2-1).

(3) Investigation of the long-term stability of the geological environment

1) Investigation techniques for the period covering the last one million years

The formation processes of mountains and hills are of importance for determining geomorphological
development. A hinterland analysis method using fossil diatoms was developed to investigate these
processesm) as shown in Figure 4.7.2-5. This method is based on the assumption that the

sedimentation/denudation environment (approximate land —sea distribution) in a certain period can be
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determined based on the assumption that, during the sedimentation period of the horizon bearing
resedimented fossil diatom species, the formation in which the species were primarily deposited was in a
denudation environment. However, for periods with a large amount of diatoms, resedimented species may
not be found owing to its relatively smaller occurrence. Hence, the number of specimens analysed in one
sample should be increased so that scarce resedimented species would be identified whilst conducting
investigations on palaecocurrent directions, clast component analyses, sedimentary facies analyses and the
anisotropy of magnetic susceptibility (AMS) measurements.

Based on the distribution of resedimented fossil diatoms to the Horonobe area, an expansion of the land
towards the west was found. The west end of the eastern area of Soya Hill and central Soya Hill were

considered to be in a denudation environment from the late Late Pliocene and the late Early Pleistocene,

respectively”*.
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Figure 4.7.2-5 Clast composmon of conglomerate in the Sarabetsu Formation and resedimented
diatom fossils in the Yuchi and Sarabetsu Formations

2) Investigation techniques for the period covering the last several tens of thousands to several
hundred thousand years
The distribution of terrace surfaces and terrace deposits was surveyed based on the aerial photograph
interpretation and field investigations and the formation period of the terraces was determined by applying
the RIPL method®** to terrace deposits and loess (aeolian terrestrial sediment formed in the Pleistocene,
mainly consisting of silt)** (see also Subsection 4.5.2). The terrace deposits examined were
approximately 5 m thick with an alternation of medium to coarse sand and gravel layers. The loess
distributed on the terrace deposits is around 2 m thick and consists of, from the bottom, red loess, light

brown loess, grey tephra and brown tephra.
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The results indicate that the grey tephra correlates to the Rishiri — Hotoku tephra. In addition, tephra which
is considered to correlate to Kc-Hb and Spfa-1, known as the effective key beds, is also observed in the
light brown loess, which implies that this loess was formed after MIS Se. Based on the formation age of
the light brown loess and the fact that the red loess with a thickness of approximately 1 m is found below
the light brown loess, and taking the time required for the sedimentation of the red loess into account, it is
suggested that the investigated marine terrace surface may have been formed during MIS 7 (214 ka).
Provided the terrace was formed during MIS 7, the average uplift rate was estimated to be about 0.3 m ky™,

given that the altitude of the terrace is around 70 m.

It was thus demonstrated that the uplift rate and the land — sea distribution for each period can be
determined by applying the RIPL method, in addition to a survey of the distribution of the terrace surfaces

based on interpretation of aerial photographs®?.

3) Investigation techniques for the period covering the last several to several tens of years
Seismic monitoring and GPS surveys are examples of appropriate methods for determining ongoing
natural phenomena (particularly crustal movements). The following describes baseline length (distance
between survey points) analyses and their results and the results of examining the effects of earthquakes on
the baseline length®®. It should be noted that the data used in the GPS analyses include those obtained
from the HDB-1 survey point in the Horonobe URL project, survey points of the International GPS Service
and GEONET (Wakkanai, Wakkanai 2, Sarufutsu, Rebun, Rishiri, Hamatonbetsu, Esashi, Esashi 2, Omu,
Otoineppu, Teshio and Enbetsu) of the GSI; the software used was GAMIT, jointly developed by the
Massachusetts Institute of Technology and Scripps Institution of Oceanography.

The 2003 Tokachioki earthquake (26™ September 2003) and the 2004 Rumoinanbu earthquake (14th
December 2004) occurred during the monitoring period. The baseline length, i.e. the distance between
survey points, was changed significantly by the occurrence of the 2003 Tokachioki earthquake and
post-seismic crustal movements were observed for several months after the incident (Figure 4.7.2-6). In
contrast, the baseline length was not changed by the 2004 Rumoinanbu earthquake. The magnitude of the
Tokachioki earthquake was 8.0, the seismic intensity in Horonobe Town was 1 and the distance between
Horonobe Town and the epicentre was approximately 400 km. The magnitude of the 2004 Rumoinanbu
earthquake was 6.1, the seismic intensity in Horonobe Town was 2 and the distance between Horonobe
Town and the epicentre was approximately 100 km. The comparison between these two events shows that
the earthquake with the greater magnitude had a greater impact on the geological environment around the
Horonobe area, even if the hypocentre was far from the town and the seismic intensity was lower. The
extent of effects on the geological environment (stress, strain and groundwater level) in the Horonobe area
can thus be determined based on the relationship with seismic magnitude and distance from the epicentre
by evaluating the results of surveys on the baseline length, while examining the changes in baseline length
caused by earthquakes. It should be noted that changes in the baseline length were not caused by any of the
earthquakes with a magnitude of 5.0 or greater that occurred off the coast of Tokachi and Nemuro (besides
the 2003 Tokachioki earthquake). The geological environment around the Horonobe area is considered to
be affected least when a magnitude 8.0 earthquake occurs off the coast of Tokachi.

It could thus be demonstrated that extent of effects on the geological environment (stress and strain) in the
Horonobe area can be determined based on the relationship with seismic magnitude and distance from the

epicentre by evaluating the relationship between the baseline length and earthquakes®*®.
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Figure 4.7.2-6 Time variation in baseline lengths from 1% January 2003 to 3" September 2005
Red lines showing the best-fit curve obtained using the built-in curve-fitting function in KaleidaGraph ver 4.0

4.7.3 Hydrogeological/hydrochemical investigation techniques

(1) Hydrogeological investigations

For the hydrogeological investigations, an input dataset needs to be developed for use in the groundwater
flow analyses. Quality-controlled data on hydraulic conductivity, transmissivity and porewater pressure
will constitute the primary information in the dataset. Methodologies for measurements and associated

247) etc.

analyses of these parameters have already been standardised in the field of civil engineering
However, there are a couple of points that need to be improved with a view to establishing methods for
effective and accurate measurement of the parameters in rocks with a wide hydraulic conductivity range in

areas where dissolved gases are present.

Since WCFs that control the groundwater flow are suggested to exist in the Wakkanai Formation, as
described in Section 4.2 and Subsection 4.6.3, the applicability of a method for identifying WCFs using
boreholes and calculating the transmissivity was evaluated.

1) Flowmeter logging and fluid flow electrical conductivity logging

Flowmeter logging and fluid flow electrical conductivity logging are effective for identifying areas with
relatively high hydraulic conductivity and the hydrogeological structures that are assumed to control the
groundwater flow and permeability. Conceptual diagrams illustrating electromagnetic flowmeter logging
and fluid flow electrical conductivity logging are shown in Figure 4.7.3-1. Flowmeter logging was
conducted in all boreholes, whereas fluid flow electrical conductivity logging was carried out in boreholes
HDB-6 and HDB-11.

For electromagnetic flowmeter logging, the logging probe is moved downwards/upwards at a constant
speed and the relative flow velocity of the borehole water is measured using an electromagnetic sensor
installed in a flow tube. The longitudinal flow velocity of the borehole water is measured continuously
based on the speed of the logging tool, the relative flow velocity and information on the borehole diameter
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and inflow/outflow points and the flow rate at these points are directly estimated on the basis of the depth
profile of the flow velocity. The temperature and electrical conductivity of the borehole water are also

measured.

Fluid flow electrical conductivity logging is used to indirectly identify groundwater inflow points using the
difference in electrical conductivity between groundwater and borehole water. This method can identify
inflow points, when large differences in electrical conductivity exist, and determine the flow velocity in the
borehole by analysing the groundwater inflow with a high content of dissolved components (i.e. high
electrical conductivity) and the advection — diffusion phenomena of the groundwater in the borehole. First,
borehole water is replaced by deionised water with a low electrical conductivity. The logging probe is then
moved downwards or upwards at a constant speed while pumping the replaced water at a constant flow
rate, thereby continuously measuring the electrical conductivity in the longitudinal direction of the
borehole. The measurement is carried out several times at a predetermined time interval to determine the

temporal evolution of electrical conductivity.

While the single-hole hydraulic packer test described below can only acquire the hydraulic parameters in
the survey area, geophysical logging such as flowmeter logging is capable of continuous acquisition of
hydraulic information in the longitudinal direction of the borehole. The hydraulic conductivity in areas
other than the hydraulic test intervals and the transmissivity of WCF identified by the flowmeter logging
are better calculated based on the results of flowmeter or electrical conductivity logging. However, it is
hard to determine hydraulic conductivity precisely because the flowmeter logging in the present project
was considerably affected by the collapse of the borehole walls and the drilling mud. Development of
methods for evaluating hydraulic conductivity that can eliminate the effects of these factors and logging
techniques for use in rocks prone to collapse is a task for the future.
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Figure 4.7.3-1 Conceptual illustration of flowmeter logging and electrical conductivity logging

2) Single-hole hydraulic test
In an environment where dissolved gases are present in the groundwater, the release of dissolved gas
during testing will affect data quality. When drilling mud is used, a decrease in hydraulic conductivity
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owing to clogging may also be taken into account. In order to address these issues, test methods were

reviewed and the equipment was modified and their effectiveness was finally confirmed®".

A hydraulic test based on pressurisation or injection may be an effective way of restricting the release of
dissolved gases during testing. However, when mud was used for borehole drilling, hydraulic conductivity
may decrease owing to the mud penetrating into the rock as a result of the water injection. On the other
hand, hydraulic testing based on depressurisation or pumping may reduce the clogging effect, but
excessive depressurisation or drawdown may result in the release of dissolved gas in the test interval.
Taking this into account, hydraulic tests that have an impact on a small area were carried out first, followed
by tests that have an impact over a larger area. During each test, the amount of gas release was checked.
The depressurisation or drawdown rate to be used in the subsequent tests was thus set. Figure 4.7.3-2
shows an example of the sequential hydraulic testing procedure.

If the pumping test is performed on groundwater containing dissolved gases, the fluid discharged to the
surface would become a mixed gas — fluid phase because of the release of the dissolved gases owing to
depressurisation. Therefore, a terrestrially-driven pump that allows the pumping of fluid in a gas — fluid
mixed state at a constant rate was used for the hydraulic tests. Since this pump has a sealing capability at
the lower part, it can suppress gas release in the closed interval, which allows the tests to be carried out
under a single phase state. A gas/fluid separator, a volumetric pumped fluid flowmeter and a gas flowmeter
were installed on the ground surface for measuring the pumping rate and flow or released gas in order to
calculate the transmissivity and hydraulic conductivity (Figure 4.7.3-3). Also, the durability of the valves
of downhole equipment can be improved and orifice diameter increased for carrying out tests with muddy
water. Other modifications for this include replacing muddy water in the test interval with freshwater prior
to the hydraulic tests or removing mud from the borehole wall**¥.

Installation of equipment

Lower packer inflation

Flushing of test interval

Upper packer inflation
Static pressure recovery
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roughly understanding hydraulic conductivity (K)

| high K
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Figure 4.7.3-2 Sequential hydraulic testing procedure

- 236 -



JAEA-Research 2010-068

(@]
(b]
Fluid flowrate | Gas Ewrate
sensor sensor

Valve Z|.#-

Pressure
transducer

4

Constant rate
pumping under
gas / fluid condition

Gas / fluid separator

Figure 4.7.3-3 Schematic illustration of hydraulic testing equipment
a: Downhole equipment; b: Surface equipment

3) Shallow subsurface hydrological investigation

i) Hydrological balance method

Groundwater recharge rate can be calculated based on the hydrological balance method by subtracting the
total amount of river runoff and evapotranspiration from the precipitation in the area of interest. The

monitoring conducted in central Japan*”

can be cited as an example of shallow subsurface hydrological
investigations carried out to estimate groundwater recharge rate based on the hydrological balance method.
However, a review would be required to determine whether the same methodology can be applied to a
region of cold climate such as Horonobe area, because of the occurrence of phenomena peculiar to such
areas, such as temporary storage of precipitation on the surface in the form of snow cover during winter
and the generation of impermeable areas owing to soil freezing. For example, precipitation during the
winter may be supplied to the surface mainly by the thawing of snow cover and determining the snow
accumulation/snowmelt rate would thus be as important as (or, in quantitative terms, even more important
than) precipitation in summer. The depth and density of snow cover should therefore be investigated in
addition to general rainfall measurements. The amount of snowfall may not be indicative of the effective
precipitation owing to evaporation from the surface of the snow cover during winter. Thus, the amount of

the evaporation has to be determined to establish whether or not it can be ignored.

Two types of rain gauge (a tipping type and an overflow type) were used in the precipitation investigation;
snow depth and snow weight meters were installed at the same time. Precipitation in periods with and
without snow cover can be calculated by comparing and analysing the data obtained using these gauges.
The river water level was continuously monitored using a pressure gauge during the non-freezing period to
determine river runoff and the flow rate was determined based on the relationship between water level and
flow rate obtained by river flow rate monitoring. However, determining the relationship between water
level and flow rate was difficult during times when the ground was frozen because the flow rate decreases.
The river flow rate was thus monitored once every week to 10 days to directly determine the flow rate.

The drainage basins in and around the URL area are characterised by the fact that they are located in a cold
snowy region with a mixture of fields and forests. The applicability of methods for measuring
evapotranspiration to such basins was also evaluated (Table 4.7.3-1). As a result, it was found that the

250),251)

Penman method , which is suitable for the water surface or surfaces with a low roughness, and the
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bulk method®*?, which is effective in measuring evapotranspiration from water surfaces or snow cover,
were suitable for fields in periods without and with snow cover respectively. The gradient method”" and
the Bowen ratio — energy balance method®™, which calculate evapotranspiration from the crown, would be
applicable for broadleaf forests. Although measurements using an evaporimeter provide an indication of

evapotranspiration, this method is not used at present because it cannot be used during winter.

Figure 4.7.3-4 shows the monthly total evapotranspiration from 25™ November 2004 to 31% December
2005, calculated according to the Penman, gradient, Bowen ratio — energy balance, bulk, Thornthwaite and
Harmon methods. In the figure, the measurements of mean monthly evapotranspiration during summer
obtained using an evaporimeter in the Kaishin area from 1990-1999 are also shown. The values measured
using the evaporimeter indicate evaporation from the water surface. Generally, these values are much
higher than those for evapotranspiration over a wider area, but they do serve as a measure of the amount of
evaporation and evapotranspiration from vegetation areas. Comparisons were also made with the monthly
mean temperature, monthly mean wind speed and monthly total precipitation measured by the

meteorological station in the Hokushin area.

As shown in Figure 4.7.3-4, the Harmon and Thornthwaite methods, which are both empirical formulae,
show a fairly similar trend, whereas the combination of the bulk method for periods with and without snow
cover showed a slightly different trend from the other methods in the periods from July to September 2004
and May to July 2005. The reason for the difference could be that the bulk method is a function of wind
speed and depends greatly on its effect and wind speed in the Hokushin area is low during summer and
relatively high during spring to early summer. The combination of the bulk method (snow cover period)
and the Penman method (period without snow cover) tends to show slightly higher values in periods with
high wind speeds, but it generally shows a similar trend to that of the empirical formulae or the
measurements using the evaporimeter. The Penman method is thus considered to be effective for

estimating evapotranspiration in summer.

Table 4.7.3-1 Applicability of evapotranspiration measurement methods
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Figure 4.7.3-4 Comparison of evapotranspiration measured by various methods (broadleaf forest)

A comparison was made between the Bowen ratio — energy balance method and the gradient method,
which are both intended to estimate evapotranspiration in forest areas. The gradient method showed
extremely low values in summer compared to the values obtained using other methods and considerably
higher evapotranspiration values during winter when leaves are scarce. These trends are different from

those indicated by the evaporimeter measurements. According to Hattori®*",

a stable atmosphere, i.e. a
thermally neutral state free from the effect of buoyancy, is important when using the gradient method.
Measurement of evapotranspiration in an unstable atmosphere may thus cause some problems with the
accuracy of the results. The Bowen ratio — energy balance method is considered to be applicable even in
summer because the results agreed well with those of the empirical formulae, provided that a correction is

made to compensate for the transpiration that is likely to occur during winter and at dawn.

ii) Hydraulic engineering method

Investigation of groundwater recharge rate using the divergent zero flux plane method was used to confirm
the applicability of the hydraulic engineering method. The divergent zero flux plane method is a technique
for calculating fluxes in saturated/unsaturated zones based on the difference in pressure heads obtained
from the depth distribution of volumetric moisture content and saturated/unsaturated hydraulic
conductivities by applying the Darcy’s law to the unsaturated zone. The pressure head in the unsaturated
zone can be obtained directly by measuring suction in the soil moisture using a tensiometer. Alternatively,
volumetric moisture content can be measured with a soil moisture meter and the pressure head
corresponding to the volumetric moisture content is obtained in the laboratory. Field measurements were
carried out using a soil moisture meter that is effective for permeable soil, although the influence of
hysteresis cannot be ruled out. The soil moisture meter was used because measurement using a tensiometer
is difficult since the shallower subsurface at Horonobe area are frozen during winter and because the
hydraulic conductivity of the shallower soil was assumed to be relatively high. The measurement points
were set at depths of 0.7m, 1.3m, 1.8 m and 2.3 m near borehole HGW-1. An amplitude domain
reflectometry (ADR) soil moisture meter was used because of its low consumption power and because the

accuracy of the device is less affected by salinity. Temperature sensors were also installed.
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Figure 4.7.3-5 shows the measurement results for groundwater level, volumetric moisture content and earth
temperature. Results of laboratory tests carried out to determine the degree of saturation corresponding to
the volumetric moisture content at each depth indicate that all measurement points were more or less
saturated. Measurement of groundwater recharge based on the divergent zero flux plane method described
above was therefore impossible. This is presumably because the ground at the survey point has a higher
content of fine grains than expected and the soil is less permeable. In future investigations, the survey point
must be changed to allow the groundwater recharge rate to be estimated using the soil moisture flux. A
tensiometer can be used to directly measure suction (negative pressure), although, as described above,

using a tensiometer has inherent problems, including frozen piping during winter.
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Figure 4.7.3-5 Groundwater level, soil moisture and temperature measurements from October
2004 to March 2006

i) Other investigations

Other surface-based hydrogeological investigation methods include using river water chemistry and
isotopes and groundwater level investigations covering shallower formations by means of electrical
exploration; none of which have been used in this project yet.

(2) Hydrochemical investigations

Acquisition of quality-controlled data and hydrochemical analyses based on these data are necessary for
characterising the spatial distribution and evolution of groundwater chemistry. During the entire course of
the hydrochemical investigations, beginning with data acquisition and ending with analysis, quality
assurance/control (QA/QC) of groundwater sampling and analysis is fundamentally of importance.
Although QA/QC procedures for chemical and isotope analyses are standardised in the JIS, those for
on-site groundwater sampling and sample handling have not yet been established. There are also many
issues to be addressed regarding methods for measuring pH and redox potential in situ in boreholes.
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1) Groundwater sampling

If the hydraulic conductivity of the host sedimentary formation is low, pumping itself or sufficient time for
pumping may not be ensured when groundwater is to be pumped from intervals including fractures (or
fracture zones). As a result, it is likely that the volume of data acquired will be insufficient for determining
the spatial distribution of groundwater chemistry. In addition, for sedimentary rocks with WCFs,
hydrochemical data need to be acquired from both advective groundwater flow through the WCFs and
stagnant porewater in the rock matrix. For the characterisation of hydrochemistry in sedimentary rocks, a
technique combining two methods — pumping groundwater from boreholes and squeezing porewater from

core samples — therefore needs to be developed.

i) Pumping groundwater from boreholes

When groundwater is pumped via a borehole using a submersible pump from the Wakkanai and Koetoi
Formations, dissolved gases such as CH4 and CO, are degassed from the groundwater in response to the
pressure release. When calculating WCF transmissivity and rock hydraulic conductivity by pumping tests,
the amounts of pumped groundwater and the gases separated from the groundwater are required. In general,
however, equipment for hydraulic packer test does not have the capability to measure released gas volumes
during pumping. The equipment was thus improved to allow use in the investigation (Figure 4.7.3-3).

Degassing of dissolved gases in the groundwater would result in a change in groundwater chemistry. In
addition, improving data quality for WCF transmissivity and rock hydraulic conductivity would result in a
decrease in data quality for groundwater chemistry. The acquisition of hydraulic data and hydrochemical
data at the same time and interval would, however, be very effective for modelling hydrogeological
structures and building the technical reliability in the results of groundwater flow analyses. This would also
be important in the context of planning an efficacious borehole investigation programme, including
reduction of investigation times and costs. Since investigation priorities differ depending on the borehole,
groundwater sampling methods have to be selected in an appropriate manner according to the specified
aim of the investigation, e.g. measurement of in situ pH over a long period of time or determining the
depth profile of salinity over a short period of time. In other words, it is not appropriate to try to achieve

perfect results for all investigation targets in a single borehole.

If pumping from a borehole is planned, the chemistry of the drilling water to be used should be selected
depending on the groundwater chemistry. In order to confirm that no major changes have occurred in the
drilling water chemistry during drilling, analyses (pH, electrical conductivity and major chemistry) should
be conducted at a certain time interval. At the same time, analysis of a tracer (Na-naphthionate in this
investigation) added to the drilling water should be conducted. During the pumping tests, the concentration
of Na-naphthionate should be measured frequently (e.g. every one hour) depending on the pumping rate.
At the point when the concentration of Na-naphthionate reaches 0.1 mg 1" or less, the samples for major
elements, various isotopes, dissolved gases and microbes are collected. This method has the advantage that
several tens to several hundreds of litres of sample can be obtained although degassing occurs.

ii) Extracting porewater by squeezing
Extensive hydrochemical characterisation was conducted on rock matrix porewater. The following points

were considered when conducting the hydrochemical analyses®":

e  penetration of drilling fluid into the core;
o changes in water — rock interaction owing to drying of the core during storage;
e  changes in porewater chemistry during squeezing owing to the fractionation of elements and isotopes;
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e changes in porewater chemistry during squeezing owing to oxidation and degassing of porewater and
pressure/temperature changes;
contamination by components of the squeezing tools;

e crrors in chemical analysis owing to insufficiency of the squeezed porewater sample.

For this investigation, the procedures and equipment were improved to avoid being affected by the above
factors. The results of examination on changes in porewater chemistry during squeezing are described
below by way of an example. It should be noted that the examination was carried out under a joint research
with the Central Research Institute of Electric Power Industry (CRIEPI).

The system shown in Figure 4.7.3-6 was used to extract porewater. It is a uniaxial compression injection
system (available from Seiken Inc., Japan), with a capability comparable to that used by Kiho et al'®.
Porewater with 5-20 ml per sample was squeezed with an axial compression of up to 70 MPa. In order to
evaluate the influence on porewater chemistry of the loading pressure owing to squeezing, the chemistry of
the squeezed porewater was analysed by stepwise increasing of the loading pressure. As a result, Na and Cl
concentrations were found to gradually decrease in the porewater when the loading pressure was increased
(Figure 4.7.3-7). The H and O isotope ratios were constant irrespective of loading pressure. The pores
observed before squeezing were not observed after the operation. The cause of the changes in the
porewater chemistry is assumed to be the fact that absorbed water and interlayer water (low salinity water)

L 255)
in minerals were squeezed out™"”.
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Figure 4.7.3-6 Schematic illustration of equipment for porewater squeezing
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Figure 4.7.3-7 Relationship between loading pressure and porewater chemistry
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Based on the results described above, it can be concluded that measurements of the relationship between
loading pressure and porewater chemistry would be indispensable as input for QC of data for the porewater
chemistry analyses.

iii) Comparison of results of analyses of groundwater pumped from the borehole and porewater
As described above, the possibility cannot be ruled out that groundwater pumped from boreholes and
porewater squeezed from cores have different origins and hydrochemical properties. In addition, the
chemical composition such as SO,> may increase because of oxidation of the core at the time of squeezing.
In order to confirm these points, porewater was squeezed from core collected from the interval in the
borehole from which groundwater was pumped. The extracted porewater was then analysed and its
chemistry compared with that of the groundwater pumped from the borehole. Cores in two different
conditions, i.e. ones left for several weeks between sampling and squeezing (borehole HDB-1) and ones
that underwent wax solidification immediately after sampling (borehole HDB-11), were prepared and their
chemistries compared with each other in order to identify the effects of core oxidation. In addition, for part
of the samples, all steps including core shaping and squeezing were conducted in an anaerobic condition. A
comparison was then made with the case where the processes were conducted in a normal atmosphere.
Figure 4.7.3-8 shows the result of analyses made of the samples obtained in boreholes HDB-1 and HDB-11.
Order-of-magnitude differences in concentration were not observed in the comparison of the chemistry of
groundwater pumped from the borehole HDB-11 and the porewater.
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Figure 4.7.3-8 Chemistry of groundwater and porewater in boreholes HDB-1 and HDB-11

The porewater SO,* concentration was high for boreholes HDB-1 and HDB-11 but those for the borehole
HDB-11 was lower. The difference can be interpreted as follows: the core from borehole HDB-1 was
stored in the atmosphere during the period from sampling to porewater extracting and sulphides such as
pyrite in the rock were oxidised during this time; eventually SO4* was selectively squeezed owing to
oxidation occurring during squeezing. This oxidation effect can thus be reduced by squeezing immediately
after the core is sampled, as was the case for borehole HDB-11. Figure 4.7.3-9 shows the result of the
analysis of principal component in the groundwater and the porewater. In the figure, the factor that controls
the second component (PC2) is SO,* and the effect appears to be larger in data for borehole HDB-1
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compared to the data for borehole HDB-11. If the increase in SO4*” owing to core oxidation is ignored, the
groundwater chemistry in the Wakkanai and Koetoi Formations would be characterised by the SO4*
concentration. This indicates that even the main component analysis may lead to an erroneous

interpretation.
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Figure 4.7.3-9 Result of principal component analysis
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2) In situ hydrochemical investigations

As described above, pumping groundwater via boreholes involves problems in that groundwater chemistry
can be changed owing to degassing and oxidation. To solve these problems, an in situ physico-chemical
parameter measurement system and a groundwater sampling technique that maintains in situ pressure were

developed™®.

i) In situ physico-chemical parameter measurement system

This system was developed by combining conventional techniques, based on the assumption that bentonite
mud used is left in the borehole. For the measurement equipment which forms the main component of this
system, an OCEAN SEVEN 303 Probe developed by Idronaut S.r.l., Italy was selected from the point of
view of durability at depths up to about 1,000 m, specified measurement goals and maintainability.

Figure 4.7.3-10 shows the result of the investigation using this equipment. Regarding pH and Eh, results
obtained at surface and in situ were different: pH = 6.8 (at surface) and 6.2 (in situ) and Eh = +160 mV (by
Au electrode at surface), -60 mV (by Pt electrode at surface) and -166 mV (in situ). These results for other
measured items indicate essentially the same values for the surface and in situ measurements. Degassing of
CO; in the groundwater may be the cause of the higher pH at surface than that measured in situ. Inclusion
of small amounts of air may have caused the higher Eh value for the measurements at surface.

ii) In situ pressure confining water sampling equipment

The conventional in situ groundwater sampling technique samples groundwater using the difference in
pressure between that in a container and in situ. However this technique reduces the groundwater pressure
in the sampling interval when the groundwater is sampled, albeit for only a short period of time. During
this time, degassing of dissolved gases may occur owing to the decrease in groundwater pressure, resulting
in collection of excess gas in the container. Modifications were required to avoid reducing in situ

groundwater pressure when sampling, allowing the amount of dissolved gas in the groundwater to be
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determined properly. The conventional sampling container designed to prevent reduction in the
groundwater pressure could not prevent contact between the content of the container and the groundwater.
New sampling containers were therefore manufactured for the deep borehole investigations to acquire data
on dissolved gases and microbes in the groundwater.
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Figure 4.7.3-10 In situ measurement of physico-chemical parameters in borehole HDB-11

4.7.4 Rock mechanical investigation techniques

(1) In situ and laboratory techniques for evaluating rock properties

Conventional testing methods used domestically and internationally were used to evaluate rock mechanical
and physical properties for the reasons described in Section 4.4. A certain level of quality is ensured for the
acquired data, which has the great advantage of allowing comparison with test results for areas other than
Horonobe. However, the following problems associated with using core samples collected during borehole
investigations were anticipated owing to the fact that the rocks of interest are from a saline water
environment and are soft sedimentary rocks with a high effective porosity and that the vertical depth of the
borehole is as much as several hundred metres:

e  Mechanical properties may be affected by fine cracks in the cores generated by stress release during
borehole drilling.

e  Mechanical properties may be affected by using water (for saturation) with a different composition
from the original one, since the rocks of interest were stable under saline water conditions.

o The core may dry up in a short period of time as it has an extremely high porosity, even though the

slake durability is high. A change in the moisture content may affect mechanical properties.
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In addition to these problems, the issues described below were identified during the course of the

investigations:

The specimens could not be standardised to one size as the same test equipment was not always used.
Measuring the deformation by directly attaching a strain gauge to the specimens was sometimes

difficult because the rock was very porous (or siliceous) but with low hydraulic conductivity.

The first problem was solved by carefully sampling the cores to be used in the laboratory tests while

allowing for stress release effects during sampling. For the other problems, the following issues were

examined in order to ensure the reliability of the laboratory tests:

Effect of difference in hydrochemistry on mechanical properties

Examination was conducted using two types of water to saturate specimens for standard uniaxial
compression tests; fresh water collected from a well for borehole drilling and groundwater pumped
via a borehole. Rock specimens were sampled in the vicinity of the interval where in situ groundwater
sampling was carried out. The examination results suggest that the compressive strength may be
decreased when a rock specimen in a saline water environment is saturated with non-saline water
(Figure 4.7.4-1). It should be noted that the mechanical properties that had been obtained by
laboratory tests using specimens saturated with fresh or distilled water may be smaller than those of

the rocks in situ>>".

Effect of weathering of rocks owing to drying on mechanical properties

A laboratory test on deterioration of rocks was conducted by simulating the situation where the drying
process continues for a long period of time, instead of short-term repetition of drying and wetting. The
cores collected from the Wakkanai and Koetoi Formations were firstly cut into test specimens and the
specimens were then placed on electronic balances and left in a thermostatic chamber. Measurements
of weight change and elastic wave velocity and visual inspections were conducted at specific time
intervals. The test results indicate that rock specimens dried up rapidly in the first 100 hours (Figure

4.7.4-2); the elastic wave velocity was reduced and fractures occurred during this time period''”.

Effect of difference in size of specimens on mechanical properties

Specimens with different sizes were sub-samples from the cores collected from the Wakkanai and
Koetoi Formations; height was varied while fixing the ratio of diameter to height at 1:2 (2 cm X 4 cm
— 5cm x 10 cm). As a result, no scale effects on mechanical properties were observed within the

range covered by these tests.

Comparison of deformation measured by LDT and strain gauge

Local deformation transducer (LDT) equipment has been developed and used in the field of soil
mechanics as a method for eliminating experimental errors resulting from bedding errors occurring at
the top and bottom ends when conducting tests. In the case where a strain gauge cannot be easily
bonded to the centre of the specimen, a comparison test was conducted to determine the applicability
of LDT to siliceous rock. As shown in Figure 4.7.4-3, strain measured by LDT was equivalent to that
measured by a strain gauge. This suggests that LDT could be used in place of a strain gauge when the
gauge cannot be bonded to specimens in laboratory tests. In addition, as described in Subsection 4.4.4,
the influence of loading rate on the result of a uniaxial compression test, which is considered most
likely to be affected, was investigated. The result indicates that loading rates from 0.1 to around
0.002% min™" effectively have no influence (Figure 4.7.4-4).
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From the above results, the laboratory test methods used in this investigation generated conservative values
in terms of in situ mechanical properties. The data can therefore be compared with each other irrespective
of the size of the specimens. However, it was found that a change in moisture content was a major factor
causing deterioration of rock properties. Thus, the cores provided for the laboratory test were treated
appropriately to prevent moisture content changes soon after drilling. Particular efforts were also made to
conduct sampling and testing as soon as practicable. In this respect, a method used in the borehole
investigations (plastic wrapping and paraffin coating to retain moisture after core logging) was found to be
effective from the viewpoint of long-term storage. The applicability of LDT was confirmed for specimens
such as sandstone sampled from the Yuchi Formation to which strain gauges could not be applied.

It is concluded that conventional standardised methods are sufficient for laboratory tests on rock classified
as soft sedimentary rock. From the viewpoint of QA of the obtained data, however, the influence on
mechanical properties of the geological environment at the investigation site of interest and the
petrophysical characteristics specific to each rock type should also be evaluated.

i) Laboratory techniques for characterising long-term rock behaviour

A laboratory test method for characterising the long-term behaviour of rock, which is one of the major
mechanics-related issues for geological disposal, has not yet been established either domestically or
internationally. Application of pneumatic uniaxial creep test equipment, developed and introduced for
macroscopic investigation of the long-term rock behaviour, was made for siliceous rocks in Horonobe in
order to acquire data on a range of parameters. The results indicate that the creep behaviour of the siliceous
rock was found to be different from that of tuff and sandstone; relatively large creep occurred particularly
in the primary creep stage at initial loading (Figure 4.7.4-5). It was also found that the strain rate in the
secondary creep stage was not significantly different from that of previous studies and that the confining
pressure influenced rigidity at the initial stage of loading, but not creep behaviour in the subsequent stages,
compared with the result of a triaxial creep test. The relationship between minimum creep strain rate and
failure time can be expressed by a linear relationship®®), as was previously suggested (Figure 4.7.4-6).

In addition, directionality was also evaluated in terms of the characteristics of long-term behaviour since
siliceous rock was known to have a certain degree of mechanical directionality. It was suggested that creep
strain may be greater in the vertical direction than in other directions, as is the case for strength, and that
the strain level at which creep failure is initiated is close to the strain level obtained by uniaxial
compressive strength tests (Figure 4.7.4-7).
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A multistage creep test was used as the laboratory test method, recognising the fact that the siliceous rock
in Horonobe shows a wide variation in strength in the uniaxial condition. A comparison was made to
evaluate the relationship between the multistage creep test and conventional uniaxial creep test methods™?.

However, the multistage creep test method has not yet been fully established to date.
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Figure 4.7.4-7 Comparison of stress — strain curves for uniaxial compression tests and multistage

creep tests on specimens sampled with different directions in HDB-6

Top: Total strain — time curves by multistage creep tests; Bottom: Stress — strain curves by uniaxial compression
tests and multistage creep tests; Left: Diatomaceous mudstone; Right: Siliceous mudstone

ii) Techniques for evaluating in situ rock properties

Data from density and velocity logging were used to evaluate in situ rock mechanical and physical
properties. The dynamic elastic modulus and dynamic Poisson’s ratio were determined based on P- and
S-wave velocities obtained by velocity logging and the results were used to evaluate the in situ rock
rigidity. Figure 4.7.4-8 shows some of the measurements. Compared with the results of the laboratory tests,
both the P- and S-wave velocities obtained in the Wakkanai Formation agree with the laboratory test
results; in the Koetoi Formation, the S-wave velocity was almost twice as high as the core measurement
result, although the P-wave velocities agreed well. With respect to the density, the values obtained by
velocity logging and laboratory testing showed very good agreement. This could be due to the stress
dependence of the elastic wave velocity. Figure 4.7.4-9 shows the results of laboratory tests on stress
dependence of the elastic wave velocity*®”. To conclude, the change in elastic wave velocity caused by the
variation in confining pressure was very small and hence the differences mentioned above cannot be fully
explained.

Although some questions remain regarding the absolute values for some data obtained from the velocity
logging, geophysical logging is considered to be effective for the investigation of rock mechanical and
physical properties. This is because comparative evaluations for defining zones that are necessary for
developing a conceptual model can be conducted with sufficient accuracy, in both quantitative and
qualitative terms, using measured data obtained continuously at high resolution, despite the fact that the
targets of the present investigation, the Wakkanai and Koetoi Formations, can barely be distinguished from

one other by core logging since they originated from the same diatomaceous rocks and were formed in the
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same age. Another reason is that suitable positions for the other surveys could be determined using the data

from the density logging that provides test results quickly. Unlike the case of crystalline rock, rock

mechanical and physical properties determined in situ by the logging agreed well with those obtained by

laboratory tests. This would also be advantageous for modelling a 3D field with a small amount of

investigation data.
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Figure 4.7.4-9 Effect of confined stress on seismic velocities for cores sampled
from borehole HDB-6

iii) In situ borehole expansion testing system
The measurement system, developed by Solexperts AG, Switzerland, used in the borehole expansion tests
in borehole HDB-6 (Figure 4.7.4-10) proved to be effective because of:

compact system, allowing use deep subsurface;

uniform pressure loading type system, allowing application to soft sedimentary rocks;

capability of determining the directionality of deformation to a certain degree using displacement
gauges equipped in three directions.
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Figure 4.7.4-10 Measurement system for borehole expansion tests in borehole HDB-6

(2) Techniques for evaluating in situ rock stress conditions

The hydraulic fracturing method was applied for characterising the in situ rock stress conditions,
considering that the environment was a vertical borehole drilled to great depth where borehole water was
always present and one of the directions of principal stress was assumed to be the same as the vertical

stress based on the results of previous studies' .

For the first investigations in boreholes HDB-1 and HDB-2, a stress measurement systemzm) based on
wireline hydraulic fracturing, which had been successfully used in boreholes in the sedimentary formations
and granite basement in the Tono area, Gifu Prefecture, was used. The system was developed to allow
accurate stress measurement and has the following advantages:

e mechanism called a push valve, allowing injection/drainage of water into/from the packed-off
intervals as well as the sections subjected to hydraulic fracturing using one line;

e small clearance between the system and the borehole wall, allowing fracturing using a small amount
of water;

e  shorter time for measurement than the fracturing system using a rod.

In situ hydraulic fracturing using this system was conducted at two depths, although it was originally
planned at three depths. This was because jamming due to the malfunctioning of the push valve and
bursting of packers frequently occurred in the borehole during the measurements. These failures were
caused mainly by the following factors: when bentonite mud is used for drilling, malfunctioning due to the
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mechanism of this system tends to occur; since the measurement point was located deep in the soft
sedimentary rock, the borehole walls were prone to changes with time; the pulling force for retrieving the
tools from the borehole is not sufficient because of the use of a wireline system. Since these problems will
be inevitable in future investigations, it was decided to conduct the stress measurement in borehole HDB-3
and subsequent measurements with a rod-type hydraulic fracturing system available from TAM
International Inc., USA (Figure 4.7.4-11). As a result, most of the above-mentioned problems affecting the
in situ stress measurements were resolved and the measurements could be conducted as planned. However,
attention must be paid to the case where dissolved gases turn into bubbles owing to the stress release

occurring at the time of borehole drilling, which may affect the measurements using this system.

A phenomenon regarded as borehole breakout was seen as shown in Figure 4.7.4-12 when conducting the
investigations in boreholes HDB-1 and HDB-2. The in situ stresses can also be estimated using this
phenomenon — omitting the details of the analysis theory, by a comparison between the stress evaluated

based on the borehole breakout and that measured by hydraulic fracturing.

As indicated by Figure 4.7.4-13, the maximum principal stress estimated from the borehole breakout
agreed well with the result of in situ measurement, although it is slightly lower. Borehole breakout
phenomena are repeatedly observed at a depth around 300 m or deeper in boreholes located on the west
side of the Omagari Fault, while they are rarely seen on the east side of the fault. Although the Wakkanai
Formation is found at a shallower depth on the east side of the Omagari Fault compared to the west side,
the mechanical properties in these areas show little difference. The occurrence of the borehole breakout can
be interpreted as being due to the difference in in situ stress conditions on the east and west sides of the
fault. This interpretation is supported by the fact that the borehole wall is stable, with no deformation in the
unprotected borehole sections, at the bottom of, borehole HDB-10 (a depth of 500-550 m) drilled on the
east side of the Omagari Fault. These results indicate that borehole breakout phenomena may be useful
data for evaluating the direction of the principal stress in the horizontal plane in situ and for qualitative
evaluation of the stress field.

When conducting stress measurements based on hydraulic fracturing, it is extremely important to conduct
the measurement in a section where no fractures are present in order to ensure the reliability of the results.
Although this requirement and the occurrence of borehole breakout are contradictory, stress measurements
using hydraulic fracturing in this investigation were intentionally conducted in sections with and without
borehole breakout. One reason is that, when damage is limited to the vicinity of the borehole wall, as in the
case of borehole breakout, a stress similar to the reopening pressure in the section without fractures would
be measured if the artificial fracture generated by hydraulic fracturing reaches deeper than the limited
damaged zone from the wall of the borehole, because the analysis of data from stress measurements
conducted by hydraulic fracturing uses not the breakdown pressure which develops the primary fracture
but a reopening pressure and a shut-in pressure of the developed fractures to calculate the stress. Another
reason is that the borehole breakout would provide information on the direction of the principal stress in

the horizontal plane.

Since the in situ rock stress conditions may vary depending on the location of interest for the investigation,
phenomena associated with stress may also vary. Surface-based borehole investigations therefore need to
be flexible to respond to the phenomena occurring at different locations.
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Figure 4.7.4-13 Comparison of the magnitudes of principal stresses measured by
hydraulic fracturing and by borehole breakout analysis (HDB-11)

An alternative method for characterising in situ rock stress conditions is that using rock cores. In the case
where implementation of in situ measurements had been assumed to be difficult prior to initiating the
borehole investigations, as described in Subsection 4.4.2, the applicability of the AE method was evaluated.
However, in situ stress measurements based on the AE method were eventually found to be difficult to
carry out’”. One of the reasons could be that the rock-specific effects (e.g. unique characteristics of
siliceous rocks characterised) and the effect of degassing of dissolved gases in the groundwater have not
yet been understood. Alternatively the anelastic strain recovery (ASR) and differential strain curve analysis
(DSCA) methods were also attempted. The ASR method, which estimates stress values and their direction
by measuring the minute deformation associated with stress release in the core occurring immediately after
borehole drilling, has not been fully tested since it has the disadvantage that the measurement must be
started immediately after drilling, the environment (particularly temperature) at the measurement location
must be kept constant in order to ensure the accuracy of measurements and the method is not free from the
above-mentioned problem of degassing of dissolved gases.

Although the assumption behind its analysis approach — microcracks are generated associated with stress
release and closed at the time of reloading — may not strictly coincide with the behaviour of soft
sedimentary rock at the time of stress release, the DSCA method was found to be applicable for evaluating
the 3D principal rock stresses, at least in the Wakkanai Formation®*® (Figure 4.7.4-14). It was also found
that the values provided by the DSCA method were closer to the results of the in situ stress measurements
(Table 4.7.4-1). One possible reason could be that the behaviour when the bedding planes in the rock core
are opened by stress release is similar to that of microcrack generation.
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Figure 4.7.4-14 Magnitudes of principal stresses and directions measured by the DSCA method
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Table 4.7.4-1 Comparison of the results of hydraulic fracturing and the DSCA method

Max horizontal Min horizontal Direction of max
Depth S s . L
Method [mbgl] principal stress principal stress horizontal principal
9 [MPa] [MPa] stress
. . 302.5 4.5 3.7 N80°E
Hydraulic fracturing
602.5 9.7 7.8 N62°E
425.0 14.6 5.4 N116°E
DSCA 459.0 13.8 10.0 N111°E
672.0 1.4 10.0 N114°E
672.0 16.0 5.6 N106°E

4.7.5 Environmental monitoring techniques

Different phenomena that may be induced by construction of large-scale underground facilities can be
expected depending on the scale of the facilities, layout, construction method, operating period, distance
from the facilities, timing of the observations etc. These phenomena can be classified into two categories:
those relating to changes in the state of the environment (e.g. groundwater flow and chemistry) and those
related to changes in the field conditions (e.g. hydraulic conductivity and mineralogical compositions)
(Figure 4.7.5-1). Work was thus made to establish techniques for monitoring groundwater pressure and
chemistry using boreholes and for remotely monitoring various changes in the geological environment.
The performance of the systems developed was tested in situ and data were collected.
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Figure 4.7.5-1 Hydrogeological and hydrochemical changes resulting from shaft excavation

(1) Monitoring using boreholes

The construction of underground facilities may cause changes in the characteristics of the geological
environment, such as the hydraulic, hydrochemical and rock mechanical properties in the surrounding
areas. The goals of developing monitoring techniques using boreholes include:

o determining the pressure and the groundwater chemistries before and after construction of the
underground facilities to identify the impact of construction;
e  collecting data not only for hydrogeological and hydrochemical modelling but also for checking the

technical reliability in the results of simulation using these models;
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e  assessing the applicability of conventional long-term monitoring equipment to sedimentary rocks and

identifying technical challenges, together with developing new long-term monitoring techniques.

Investigations were conducted of the specifications and application of long-tem monitoring equipment to
the rock formations in the Horonobe area, where the climate is cold and the soft sedimentary rocks bear oil

and/or gas. Here the selection of the equipment and the results of its field application were described.

1) Completion of boreholes and selection of monitoring locations

In the long-term monitoring of groundwater pressure using boreholes, pressure is measured at packed-off
intervals. A steel casing pipe was installed in each borehole to keep the borehole wall from collapsing and
then fixed by casing cementing. Following the check of the bonding conditions by cement bond logging
(CBL), jet perforation was applied at each monitoring interval in order to allow groundwater pressure
measurement in the borehole, as described in Subsection 4.7.1.

The locations subjected to jet perforation and the monitoring intervals were selected based on information
on geological structure (stratigraphical boundaries, distributions of fracture zones etc.), hydrogeology
(hydraulic conductivity, inflow points etc.), groundwater chemistry as well as the cement — rock bonding
conditions.

2) Selection of long-term monitoring equipment

Before starting the long-term hydraulic and hydrochemical monitoring, information on practices followed
in other countries in long-term monitoring from the surface to deep subsurface in soft sedimentary rocks
was surveyed to determine the applicability of these practices to the rock in this project and to review
potential long-term monitoring methods and equipment that could be employed in this project®. For the
evaluation and review, consideration was given to the durability of the equipment under conditions
characterised by deep oil-bearing soft sedimentary rocks that tend to collapse and deform.

As a result, the Multiple Piezometer (MP) system, produced by Westbay”™ Instruments Inc., Canada (now
joined Schlumberger Water Services), the Stand-Pipe Multi-Packer (SPMP) system, manufactured by
Solexperts AG, Switzerland, and the PIEZO system, developed by Dia Consultants Co Ltd., Japan, were
selected taking into consideration requirements relating to groundwater pressure measurement,
groundwater sampling, applicable depth, borehole diameter, accuracy of groundwater pressure

measurement and maintainability.

3) Monitoring of groundwater levels, pressure and chemistry
As shown in Figure 4.7.5-2, conventional monitoring equipment has been used to monitored groundwater

pressure and chemistry based on one of the following two methods:

e the direct water pressure measurement method in which water pressure gauges connected in series are
installed in a casing pipe so that the position of each gauge matches with the depths of monitoring
intervals separated mainly by packers;

e the piezometric head measurement method in which groundwater pressure in a pipe (tube) connected
from each of the monitoring intervals is measured separately.

In Horonobe, the MP system using the direct water pressure measurement method and the SPMP and
PIEZO systems using the piezometric head measurement method were installed in boreholes and the
applicability and durability of each system were evaluated.
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The MP system has the advantage that apparatus with a large capacity can be placed in the casing pipe
since the pressure measurement gauges are connected in series and inserted in the pipe. On the other hand,
the system also has a disadvantage in that groundwater sampling cannot be carried out during hydraulic
pressure monitoring. The MP system was installed in boreholes HDB-1, HDB-3, HDB-4, HDB-6 to
HDB-9 and HDB-11 (installed in February 2007) and hydraulic monitoring is ongoing in these boreholes
except HDB-4.

Both the SPMP and PIEZO systems monitor groundwater pressure using a water pressure gauge installed
in an individual pipe connected between the intervals intended for groundwater pressure monitoring and
the ground surface. The disadvantage is that groundwater cannot be sampled in a large volume in a short
period of time, since the diameter of the pipe connecting the intervals and the ground surface is small
(approximately 10-15 mm). By modifying the conventional PIEZO system, a new system for monitoring
porewater pressure was developed (Figure 4.7.5-3), which is capable of measuring physico-chemical
parameters deep subsurface and acquiring hydraulic conductivity at the same time as conducting
groundwater sampling. The SPMP system and the improved PIEZO system are installed in boreholes
HDB-2 and HDB-10 respectively and are contributing to the monitoring.
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Figure 4.7.5-2 Schematic illustration of the MP and SPMP systems
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Figure 4.7.5-3 Schematic illustration of the improved PIEZO system
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Figure 4.7.5-4 shows some of the hydraulic pressure data measured in borehole HDB-9 as an example. A
pressure increase in the thawing season, which is peculiar to snowy regions, as well as an increase due to
rainfall were observed in the upper measurement intervals. The values are more or less constant in the
remainder of the measurement intervals. Based on the results of monitoring in the boreholes to date,
groundwater around the underground facilities is distributed in the range from hydrostatic to slightly
artesian conditions.

The results of hydrochemical monitoring in borehole HDB-4*? are shown in Figure 4.7.5-5. The data
obtained in the borehole investigations indicated that the groundwater chemistry is neutral, viz. pH 7.5, but
the pH value increases with the elapse of time. Focussing on the dissolved ions, a decrease in a CO5™
concentration and an increase in the concentrations of Na™ and CI are observed. These evolutions are
considered to result from the reaction of the groundwater with the cement used when installing the casing
pipes. Determining the effects of casing pipes (carbon steel) and cement on groundwater chemistry is an
issue to be addressed that is equally important as identifying changes in groundwater chemistry associated
with construction of the underground facilities. Groundwater sampling will continue on a regular basis to

accumulate monitoring data.
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Figure 4.7.5-5 Results of hydrochemical monitoring in borehole HDB-4
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4) Future tasks and plans

At present, long-term monitoring data are being sampled at a time interval of 5-15 minutes and are
collected periodically, i.e. around once a month given the memory capacity of the data logger and the
battery life. In order to monitor the relationship between short-term impact, such as an earthquake, and
changes in groundwater pressure, some issues remain to be addressed, such as the expansion of memory
capacity, improvement of data writing speed and so forth.

Maintenance of the system is carried out when a malfunction occurs but missing data during maintenance
periods which occur more than once a month owing to failure of the logger and malfunctioning of the
pressure gauge may be a significant problem. Measures would be required to prevent this problem, such as
systematic maintenance plans and preparation of spare components (pressure gauges etc.) in advance, thus
establishing a system for smooth restarting of the monitoring equipment as quickly as practicable.
Development of the maintenance system would be particularly important for investigations in a remote
location such as Horonobe.

In the future, data on pressure and chemistry of groundwater obtained by long-term monitoring systems
installed to date will be analysed and methods will be developed for removing natural noise (e.g.
earthquakes, atmospheric pressure changes and tidal variations) contained in the data. Improvements will
be made to the long-term monitoring systems installed to date in order to assess the application of the

systems in the underground facilities and to reduce the system size.

(2) Development of remote monitoring system

Geological disposal is essentially a passive system and, in principle, does not require post-closure
management (such as monitoring as part of the institutional control over a repository after closure) to
ensure long-term safety**"2%>. However, post-closure monitoring may be required in some cases owing to
social demand®®®. In order to ensure the long-term repository safety, it is of importance to ensure that, even
if hydraulic and hydrochemical conditions, mechanical properties etc. vary owing to perturbations induced
by construction and operation of the repository or by natural phenomena, the range of variation would be
within the predetermined design-based margin267). For this purpose, R&D on the Accurately Controlled
Routinely Operated Signal System (ACROSS) has been pursued to develop a remote monitoring system
that allows determination of subsurface structures and assessment of the evolution of rock properties and
hydraulic conditions with a resolution higher than that of conventional geophysical surveying techniques.

ACROSS is a method for accurately determining geological structures and their conditions by transmitting
continuous seismic and electromagnetic waves to the subsurface while the phases and frequencies are
accurately controlled; the data monitored using sensors (e.g. seismometers, magnetometers and electrodes

d*®. Both seismic and

as well as receivers synchronised with the transmission) are then analyse
electromagnetic waves are used because independent subsurface information (e.g. elastic constants and
electrical resistivity) can be obtained, as can responses to the changes in conditions. ACROSS is a
Japanese-developed high-resolution non-destructive monitoring technique designed mainly for monitoring
of seismogenic zones; it was developed mainly by Nagoya University and JAEA Tono Geoscience Center.
In the Horonobe URL project, ACROSS was installed in the Hokushin district with the main aims of
developing a system that can identify changes in the geological environment occurring before, during and
after construction of the underground facilities and building confidence in the technical reliability of the
system. In Phase I of this project, the electromagnetic ACROSS and the seismic ACROSS were installed

and experimental monitoring prior to construction of the underground facilities was initiated”*”"".
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1) Selection of transmission and receiving points

ACROSS remotely monitors changes in rock properties and groundwater conditions based on an analysis
of minimal changes in the transfer function obtained by monitoring of continuously transmitted seismic
and electromagnetic waves. The extent of the signal changes that can be detected after appropriate
correction of the frequency characteristics of the transceiver system and measurement of the transmitting
signal depends on the signal to noise (S/N) ratio. The transmission and receiving stations, particularly the
latter, of the seismic and electromagnetic waves therefore need to be set at locations where ground
vibration and electromagnetic waves (referred to hereafter as noise) resulting from factors other than the
transmission by ACROSS are sufficiently low. The noise level was therefore investigated in and around the
URL area prior to selection of the installation locations of the ACROSS transmission and receiving

. 271
stations 7 ).

In the investigation of noise level for the seismic waves, the levels and characteristics of noise in the
monitoring areas were determined by analysing seismograms of seismic reflection surveys conducted in
2002. The locations of the seismic survey lines used for the analysis and the estimated noise levels are
shown in Appendix 2 and Figure 4.7.5-6 respectively. Comparing the noise levels in the central Horonobe
district and the URL area, the noise level in the URL area is around one order of magnitude lower than that
of central Horonobe. Other than intermittent noise caused by vehicles and heavy equipment used for road
construction, no major noise sources are assumed to exist on the north side of the survey line. It can be
concluded that the noise in the areas remained at a low level except for intermittent noise induced by

o . . . 271
human activities. It does not indicate the existence of a constant noise source’’ ",

The noise characteristics of electromagnetic waves were investigated based on observed data from the MT
and AMT electromagnetic surveys conducted in 2001. The noise was characterised by sudden noise lasting
for a short period of time with no clustering of any specific frequency. The noise included both natural
noise, such as solar activity etc. and human induced noise. Human induced noise was greater at dawn and
dusk, more specifically around two to five times greater than that in quiet times. The preferential vibration

direction of the noise was to the northeast and the noise was lower around borehole HDB-4.

The seismic ACROSS can be used to determine subsurface conditions by constantly transmitting and
receiving seismic waves and analysing the changes in wave groups, such as direct waves reaching the
monitoring points and reflected waves from a seismic reflector. The results of the seismic reflection survey
conducted in the URL area’”” indicated an obvious seismic reflector at a depth of approximately
1,000-2,000 m near boreholes HDB-4 and HDB-8 as shown in Figure 4.7.5-7. Monitoring using the
reflected wave in addition to the direct wave may thus be possible in this area (Figure 4.7.5-8). The
transmission and receiving points were selected as illustrated in Appendix 2, considering that an obvious
seismic reflector was found in the area of interest and the noise level is expected to be sufficiently low.
Since the surface of the entire area was soft, concrete foundations (ground coupler) with dimensions
10 m x 10 m x 1.3 m, which is larger than used in the previous installations, were constructed at the
transmission points. This was intended to transmit the force generated by the system to the ground over a
larger area, thus emitting stable seismic waves on soft ground in a non-destructive manner. The
seismometer was emplaced to a depth of 2 m or more with a drilling machine to achieve a stable
temperature and relatively simple fixing. In order to allow detection of the 3D locations of seismic
scatterers in the surrounding area, the seismometers installed at each receiving point were arranged in an
L-shaped array made up of 10 units of three-component seismometers, while each of the receiving points
was located so as to form a triangle (Appendix 2).
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The electromagnetic ACROSS is used to constantly monitor electromagnetic waves transmitted from the
transmission points at receiving points and to analyse changes in the monitored electromagnetic waves,
thereby determining changes in the conditions of the subsurface environment through which the waves
were propagated. It is therefore preferable to arrange the receiving point in line with the transmission point
so that the area in which conditions changed can be identified. In order to identify areas with changes,
advance knowledge of resistivity structures beneath the receiving point is an important factor in selecting
the installation points. Taking the above conditions and the results of noise surveys relating to the
electromagnetic waves into consideration, transmission and receiving points were selected as shown in
Appendix 2. Two sets of transmission electrodes were installed for the electromagnetic ACROSS for
bidirectional transmission in the E-W and NW-SE directions. It should be noted that typical resistivity
structures beneath the periphery of each installation station have already been investigated by

electromagnetic surveys in and around the URL area®”.
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2) Test monitoring

Test monitoring prior to construction of the underground facilities using both seismic and electromagnetic
ACROSS was conducted. One of the main purposes of this test was to determine the appropriate signals to
be used for monitoring by transmitting design-based signals in advance and conducting an analysis of
received signals, while feeding back the results of the analysis to the setting of the transmitting signal
frequency etc. Another aim was to make fine adjustments to the installed transmission and receiving
equipments.

Test monitoring using the seismic ACROSS started in December 2005 and signals transmitted from the
HDB-3 station have been received at the stations HDB-4, HDB-5 and HDB-8. A transmitter that generates

power by rotation of the excentric mass®")

was used for the transmission signals. The rotation direction
was reversed once every hour and frequency modulated signals were transmitted, allowing a frequency
transfer function corresponding to the linear vibration to be obtained”’”. In the test monitoring, signals
were transmitted by changing the frequency band on a trial-and-error basis in order to find the transmission
and receiving signals suitable for monitoring. As an example of receiving signals obtained by such a
method, the receiving spectrum of the transmitted signals in the frequency band ranging from 15.43 to
31.41 Hz received at station HDB-5 is shown in Figure 4.7.5-9. This figure shows a frequency spectrum
obtained by stacking signals received every 100 seconds over one hour. This spectrum shows that the
amplitude in the frequency band of the transmitted signal is higher than those in other frequency bands,

which indicates that the transmitted signal was definitely received.

Test monitoring using electromagnetic ACROSS started at the HDB-4 station in December 2004 and at the
HDB-8 station in March 2005. In this experimental monitoring, signals were transmitted at different
frequencies from two sets of transmitting electrodes in the E-W and NW-SE directions respectively;
transmission was conducted by changing the frequency band of the transmitting signal on a trial-and-error
basis, as was the case for the seismic waves. Figure 4.7.5-10 shows an example of received signals at the Z
receiving point obtained by this test monitoring. The figure shows the sum of frequency spectra of signals
received every 100 seconds in one day. Ten transmitting frequencies in the E-W direction were 3.75, 8.75,
16.25, 23.75, 36.25, 58.75, 76.25, 91.25, 111.25 and 136.25 Hz and 11 frequencies in the NW-SE direction
were 2.50, 6.25, 13.75, 21.25, 28.75, 38.75, 66.25, 73.75, 88.75, 103.75 and 133.75 Hz. In this figure,
frequencies denoted by circles correspond to the transmitting frequencies shown above. The S/N ratios of
the received signals in these frequency bands were higher than those in other bands.

Source Receiver array

Wiy,
Reflection plane 77777

Figure 4.7.5-8 Schematic illustration of a remote monitoring system (ACROSS)
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Figure 4.7.5-10 Amplitude spectrum of observed magnetic and electrical fields

a—c: NS, EW and vertical components of the magnetic field respectively
d and e: NS and EW components of the electrical field respectively
Red and green circles representing transmitting frequencies of the NW-SE and E-W dipoles respectively

3) Future plans
The transmission and receiving equipment of ACROSS using seismic and electromagnetic waves as

signals was installed and test monitoring was initiated. The monitoring will continue around the URL area
in order to develop techniques for monitoring changes in the subsurface geological environment associated
with construction of the underground facilities. In parallel with the monitoring, techniques for processing
and analysis of observed data will be developed whilst changes of observed data with respect to changes in

the geological environment will be evaluated.
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4.8 Summary

This section summarises the overall achievements of the surface-based investigations performed to
enhance understanding of the deep geological environment and establish the technical basis for systematic
techniques for characterising the geological environment, as described in Sections 4.1-4.7. The main
results of the investigations of geology, hydrogeology, hydrochemistry, rock mechanics and long-term
stability of the geological environment are described, as well as the findings relating to the investigation
techniques for the Neogene sedimentary formations at Horonobe, in Subsection 4.8.1. Remaining key
issues identified and plans for the Phase II investigations are discussed in Subsection 4.8.2. Finally,

Subsection 4.8.3 looks into lessons learnt from the surface-based investigations.

4.8.1 Results of the surface-based investigations

(1) Geological investigations

During the investigations covering the whole area of Horonobe Town, the topography, the geological
heterogeneity of the rock formations, the thickness of the overburden and features that could be important
as solute transport pathways were overviewed by surveying and interpreting existing information. The
results of reconnaissance and aerial geophysical surveys, MT electromagnetic surveys and borehole
investigations were largely consistent with the existing information. At the stage of the surface-based
investigations in and around the URL area, reflection seismic surveys and borehole investigations were
conducted. The results for the distribution of the sedimentary formations were consistent with those
obtained in the previous stage. However, a satisfactory interpretation of the location and properties of the
Omagari Fault was not achieved. In addition, the results of borehole investigations indicated that fractures
might play an important role as solute transport pathways, implying the need for further investigations.

More detailed investigations were therefore carried out, which include topographical studies (interpretation
of terrace surfaces and lineament surveys), reconnaissance surveys (description of outcrops of the Omagari
Fault and stripped horizontal outcrops in fractures), AMT electromagnetic surveys, ground penetrating
radar surveys, re-analysis of existing data from past reflection seismic surveys, gravity surveys, borehole
investigations and gas surveys. In terms of the distribution of the sedimentary formations, the results of
these investigations were largely consistent with those obtained in the previous stage. A number of new
findings were also obtained based on a wealth of data accumulated at this stage. This applied in particular
to the mineral composition, alteration, physical properties and geochronology of the Wakkanai and Koetoi
Formations, the thickness of the terrace deposits, fractures and the Omagari Fault. Of particular importance
in an integrated interpretation of the results were that the 3D distribution of the Omagari Fault was
estimated and the hydrogeological significance of the fault zones demonstrated.

(2) Hydrogeological investigations

Data on distributions of hydraulic conductivity and pressure (total head or hydraulic gradient) were
accumulated through a series of borehole investigations at the stage of surface-based investigations in and
around the URL area. In particular, the spatial variability of hydraulic conductivity correlating significantly
with the distribution of minor fault zones was identified. Modelling and groundwater flow analyses taking
these results into account enhanced the understanding of the regional and local groundwater flow systems.

Regarding the shallow subsurface hydrological regime, it was found that the groundwater level was not
always consistent with the topography and that highly permeable zones lay, either in the terrace sediments
or near the boundary between the terrace sediments and intact rock. It was also found that the recharge rate
varied depending on the drainage basin.
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The hydrogeological model was revised almost every year based on current data as part of the process of
reducing uncertainties with the progress of investigations. Prediction of changes in the hydrogeological
environment associated with construction of the URL using the latest hydrogeological model, the variation
of inflow rate and reduction in the total head were estimated by the groundwater flow analysis. In
developing models and performing analyses, it is of importance to show the data and bases behind the
assumptions used in the model/analysis in order to examine their reliability and uncertainty. Traceability is
also extremely important in that it will constitute the basis for knowledge management in the actual
disposal project. Comparing the analyses in the investigation stage covering the whole Horonobe Town
area, uncertainties in the surface-based investigations of the geological environment were reduced
qualitatively in the sense that the geological model was updated and consistency with the measured values
for hydraulic conductivity, water pressure, water chemistry (e.g. salinity) and recharge rate was confirmed.

Lists of specific proposals for investigations from an analytical viewpoint were presented in Table 4.2.4-1
and in Subsection 4.8.2. The investigations have been, and will continue to be, carried out in accordance
with a comprehensive strategy (including a strategy for the development of investigation technologies),
with discussions involving experts under the restrictions of time and budget. In the analysis carried out to
predict the evolution of groundwater flow associated with the construction of the URL, as described in
Section 4.6.3, the amount of groundwater inflow into the underground facilities was higher than expected
when the URL was designed.

(3) Hydrochemical investigations

Throughout stepwise surface-based investigations with surveys of existing information, shallow subsurface
and deep borehole investigations and associated modelling work, hydrochemical characteristics of
groundwater which would be of great relevance for geological disposal, in and around the URL area were
well understood. Regarding 3D distributions of groundwater chemistries, relatively low salinity
groundwater (Na-HCO; type) was found in the shallower subsurface whereas relatively high salinity
groundwater (Na-Cl type) was found in deeper formations. A clear difference was also seen in groundwater
isotopic signatures. Light isotopes were dominant for both H and O in the shallower subsurface
groundwater (8D of -90 — -60%o; 8'*0 of -11 — -10%o), while heavy isotopes dominated in the deep
groundwater (8D of -30 — -20%o; 8'*0 of +2 — +3%o).

Regarding the major groundwater evolutions, current groundwater chemistry would have been formed by
mixing two types of groundwater mentioned above. In addition, the shallower subsurface groundwater
chemistry would have been formed by rock — water interaction, with ion-exchange of Na" and H™ between

the liquid phase (recharged with precipitation) and the solid phase (e.g. smectite) being the main reaction.

(4) Rock mechanical investigations

It was found that the rock formations in and around the URL area was divided into three zones in terms of
rock mechanical properties and depth profiles (down to 1,000 m depth). The in situ properties and their
distribution in each zone were determined by conducting laboratory tests and in situ experiments (such as
borehole loading tests and velocity logging) because fractures in the rock would have only minor effects on
in situ mechanical properties. Data for evaluating the initial stress in the zones were obtained by detailed
investigation of the initial stress field by borehole investigations on the west side of the Omagari Fault. In
particular, an estimate based on the overburden indicated that the vertical stress and the minimum principal
stress in the horizontal plane were substantially the same in and around the URL area and that the
maximum principal stress was approximately 1.5 times this value. It was also found that the direction of
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the principal stress was almost constant, viz. in an E-W direction, from near the surface to a depth of
approximately 700 m. These results were evaluated and updated step-by-step with the progress of the
borehole investigations and served as the base data for selection of the URL area and URL site.

With respect to acquiring the data necessary for designing the underground facilities, the results of the
initial stress measurements were used to set the boundary conditions for a cavity stability analysis. In
addition, the layout of the experimental drift was determined taking into consideration the direction of the
maximum principal stress. Rock mechanical properties were set to conservative values so that the results of
borehole loading tests and features such as hairline cracks could be taken into consideration, based on the
data obtained from the borehole investigations. Analyses were conducted of processes (e.g. time-dependent
deformation, strain softening behaviour and hydro-mechanical coupled phenomena) assumed to occur in
the rocks around the shaft and drift when they are actually excavated and compared with the results of
stability analyses of tunnel support using the design techniques proposed, for example, in the H12 report.

Of importance in the rock mechanical investigations from the viewpoint of the actual disposal project
would be to quantitatively characterise the rock properties and stress conditions in the repository site over
several kilometres square and to conduct an analysis of the design of the disposal system based on the
properties and conditions characterised. In this respect, for the Neogene sedimentary formations, it may be
possible to determine the distribution of mechanical properties in the area of interest if the geological
structure covering an area of several kilometres square could be thoroughly understood. Although a
significant variation in properties is observed over the range from the surface to several kilometres depth,
changes in the initial stress conditions owing to the effects of discontinuities (e.g. stress decoupling) are
less likely to occur compared to the case of crystalline rock. In particular, it is believed that no complex

changes occur in the direction of the maximum principal stress.

In addition, because phenomena similar to high strain softening are quite likely to be observed in the soft
sedimentary rock at the time of fracturing, it will be important to quantitatively evaluate changes due to
such localisation of strain, particularly in the prediction and evaluation of the EDZ.

(5) Study on the long-term stability of the geological environment
Based on the results of surveys of existing information, ground exploration and borehole investigations,
natural phenomena that should be considered in the evaluation and estimation of the future geological

environment in the Horonobe area were successfully identified.

The recurrence interval of past major earthquakes (e.g. those capable of causing landslides) in northern
Hokkaido was estimated to be approximately 800-3,000 years, which was too long to trace from historical
and ancient documents. At present, although the hypocentre of the micro-earthquakes in the Horonobe area
is distributed in an N-S or NNE-SSW direction under a horizontal compressive stress field, the directions
of the P-axes and fault planes are believed to show various states that reflect a complex geological
structure in the eastern margin of the Japan Sea. In particular, active structures in the land areas are
localised at the geological boundary between the Kamuikotan Belt and the Neogene sedimentary rocks (the
Toikanbetsu Fault Zone), and at the depositional area of Quaternary sediments (the Sarabetsu Flexure
Zone), as well as in the marine area on the side of the Japan Sea (the Wakkanai and Musashi Fault
Systems). The geological structures in and around the Horonobe area constitute part of the fold-and-thrust
belt in the E-W compressive stress field; the fold structure is assumed to have been formed sequentially
from the east to west. The Horonobe area has been in the tectonic setting of an E-W compressive stress

field since the Late Pliocene, the same as the current stress field in the area.
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With regard to volcanic activity, the possibility of future volcanic and hydrothermal activity is low in

northern Hokkaido if the current tectonics in and around Hokkaido do not change in the future.

It is assumed that a change in the position of the shoreline, i.e. the spreading and receding of the land, will
take place in the next 100,000 years or longer in the Horonobe area owing to eustatic sea-level change. The
land area would reach close to the present locations of Rishiri Island in the future glacial period and marine
area to centre of Horonobe Town in the future interglacial period. During a last glacial stage, the surface
environment of the Horonobe area can be assumed to be as follows: discontinuous permafrost condition
with an average annual air temperature of -7 — -3°C, a large annual range in air temperature and very cold
winters. It is also assumed that the area was covered with open forests with mainly Dahurian larch and
Siberian dwarf pine and with grasslands. Considering the fact that climate change have occurred
periodically during the Quaternary, it is assumed that the present mild global climate and the climate in the

glacial period mentioned above will occur alternately.

The reconstruction of the geological structure for the last 2.5 million years indicates that the sedimentary
basin probably contracted from both the east and west sides, with the centre of contraction located to the
west of the Horonobe area. In particular, the contraction from the east was significant, which means that it
could be related to the westward migration of the depositional area since the Pliocene. The land in the
Horonobe area would have gradually expanded towards the west, accompanied by periodical and extensive

changes in the shoreline location owing to eustatic sea-level changes since over the last three million years.

The current geomorphological processes in the Horonobe area are influenced by rock control, where
topographical formation processes are influenced by the properties of the landform materials. Regarding
future uplift and subsidence trends, it is considered that the current uplift trend is likely to continue in the
eastern part of the Horonobe area and around the Sarabetsu Anticline until equilibrium is reached. The
subsidence trend in the Sarabetsu Lowland will change to uplift with an increase in horizontal crustal strain
rate in the future and the uplift trend will remain unchanged until it reaches equilibrium.

(6) Development of investigation techniques

A combination of a range of investigation techniques (e.g. airborne and ground geophysical surveys,
borehole investigations) applied in Phase I proved to be effective for geological characterisation. A
methodology for stepwise surveying with the techniques and integrating the results into model
representations actually enhanced the understanding of key geological structures which would be of great

relevance for geological disposal.

Techniques for hydraulic testing and flow logging were developed for use in environments such as the
sedimentary formations where borehole walls may collapse, as well as environments with saline
groundwater and dissolved gases, and their applicability was confirmed. From the shallow subsurface
hydrological investigations, the applicability of the methods used for calculating recharge rate in cold
weather regions was also reviewed. Techniques for pumping groundwater combined with hydraulic tests
and squeezing porewater from cores and analytical methods (e.g. principal component analysis) employed
were found to be effective for characterising the groundwater chemistries in the sedimentary formations.

For characterising such rock properties and stress conditions, existing investigation techniques would be
sufficient. In addition, a methodology proposed in this project can be used for evaluating the stability of the
EDZ which will be required to cover a very long time period when designing special structures (e.g. plugs)

rarely used in other conventional underground construction.
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From the technical point of view, it would be reasonable to adopt the strain rate obtained by the geological
method for discussing the long-term stability of the geological environment as the rate reflected the
long-term plastic strain in the crust. In addition, the feasibility of using the sterane/sterene ratio as an index
for estimating erosion was suggested; a positive correlation was observed between the palacogeothermal
temperature range of 40-60°C and the sterane/sterene ratio, which are cyclic isoprenoids found in the
Wakkanai and Koetoi Formations.

4.8.2 Remaining key issues and plans for Phase Il investigations

(1) Geological investigations

The issues to be addressed in Phase II include aspects of discontinuities which have not sufficiently been
understood by the Phase I investigations, such as the distribution and continuity of fault zones,
development of joints and their modelling. The distribution of fault zones should be determined on a
regional scale, not just limited to the tunnel near-field. It is possible that the continuity and geometry of
fault zones will be better understood through wall observations in shafts and drifts. As the fault zone
characteristics strongly influence groundwater inflow into the underground facilities, a higher priority
should be given to characterising the fault zone in the Phase II investigations. It may also be necessary to
evaluate the degree of continuity of discontinuities by means of cross-hole tests in the horizontal drifts. In
addition, joint development may be better understood by investigating the interior of tunnels because the
Ventilation and East Shafts are located near the anticline axis. Since modelling the distribution of such
small discontinuities will have to depend on a probabilistic approach, which may involve a great deal of
uncertainty, efforts will have to be made to reduce this uncertainty.

(2) Hydrogeological investigations

Some important issues were not sufficiently investigated and still remain as key issues for Phase II and/or
Phase III. First, there may be some correlation between hydraulic conductivity and minor fault zones, but
variations in hydraulic conductivity of minor fault zones were observed and the flow paths in the minor
fault zone are limited to a small part of the zone. Thus, the relationship between hydraulic conductivity and
minor fault zones or fractures that constitute these zones would need to be investigated. Second, an
extremely high hydraulic pressure that could not be explained by topographical feature alone was observed
deep subsurface in borehole HDB-11. A similar phenomenon was also observed in borehole HDB-2. Since
such an abnormally high pressure may lead an upward hydraulic gradient, it would be important to study
such phenomenon from the viewpoint of reflection to the disposal project. Third, it is assumed that the
distribution of groundwater chemistry has been affected by the groundwater flow. In Phase I, an analysis
was conducted based on the assumption that the saline water confined during the sedimentation had been
washed out by fresh water over a long period of time. However, because this assumption was not
thoroughly examined, a further evaluation of consistency with data from geochemical investigation needs
to be carried out. In addition, evaluation of consistency with the distribution of groundwater chemistry and
abnormally high pressures may involve natural phenomena such as uplift, erosion and changes in climate
and sea-level. It will therefore be necessary to develop a comprehensive model considered these factors.

Groundwater flow is an important factor to be considered in the solute transport analysis for the disposal
project. However, it will be hard to acquire information on the hydraulic effective porosity required for the
analysis from surface-based investigations. Tracer tests for obtaining the parameter will thus be required in
the Phase II programme.

With respect to shallow subsurface hydrology, a large variation in data measured by hydrological
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investigations conducted over the past one or two years indicates a low reliability of the calculated

recharge rate. Improving the reliability of the recharge rate should be achieved by continuing observations.

Investigations of the above issues and re-evaluation of data will form part of the Phase Il programme.
Activities in Phase II should also include formulation of the relationship between hydraulic conductivity
and minor fault zones or fractures and characterisation of fracture network structures using tunnel wall
observations; borehole hydraulic tests in tunnels, particularly characterisation of hydraulic and solute
transport properties of minor fault zones or fractures based on cross-hole hydraulic tests using two or more
boreholes or based on tracer tests; acquisition of data on inflow rate into tunnel, hydraulic pressure and
groundwater chemistry from long-term monitoring and comparison and confirmation of the data with those
predicted in Phase I; updating of geological models and enhancement of data reliability by continuing
shallow subsurface hydrological investigations. In addition, uncertainties have to be made clear
quantitatively for the actual disposal project and proposing a process for reducing uncertainties, taking the

Horonobe case as an example, would be a future issue.

The change in hydraulic conductivity associated with tunnel excavation should also be investigated
because the EDZ is likely to become highly permeable in the course of geological disposal. The change in
hydraulic conductivity in the tunnel near-field occurs as a result of coupled phenomena with stress release
and degassing of dissolved gases in groundwater. Therefore, in the investigations and modelling in Phase II,

studies that focus on coupled phenomena, including rock mechanics and hydrochemistry, will be required.

(3) Hydrochemical investigations

Hydrochemical data were acquired mainly through borehole investigations. These investigations are beset
with restrictions and difficulties, including some components (such as organic matter, microbes and
colloids) not being analysed owing to inevitable contamination of sampled groundwater with drilling fluid,
poor quality of analytical values because of the effect of decrease in groundwater pressure (such as
degassing) and the limited volume (several tens of millilitres) of extracted porewater, all of which required
prioritisation of analysis items. Organic matter, microbes, colloids and dissolved gases are not only
important factors for groundwater chemistries but are also indispensable for understanding solute transport
processes in the host rock formations. In the Phase II and/or Phase III, it will be crucial to collect data on
organic matter, microbes, etc. using boreholes drilled from drifts, with proper management of data quality.

The results from the Phase I investigations revealed that discontinuities such as faults and fractures, which
control groundwater flow, are distributed in the sedimentary formations of interest. It is presumed that the
groundwater chemistry would be controlled by the distribution and degree of continuity of the
discontinuities on a smaller scale. Further investigation should thus be required to confirm this correlation,
taking prevailing groundwater flow into account. In addition, it is of particular importance to study the
groundwater evolution of the Horonobe area over geological time, up to the present, defining temporal and
spatial changes of various characteristics and processes, which include topography, geology and

groundwater flow.

(4) Rock mechanical investigations

Although geophysical logging is a relatively effective method for evaluating the properties of rocks such as
the siliceous mudstone at Horonobe, where there are almost no changes in lithofacies from the surface to a
depth of around 1,000 m, the S-wave velocity for the core sample of diatomaceous mudstone with an
extremely high effective porosity is much lower than that obtained from in situ velocity logging. The
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reason was not fully explained. In addition, although anisotropy in the mechanical properties of rocks was
identified quantitatively, anisotropy was not quantified because the factors causing the anisotropy and its
characteristics (e.g. relationship with the bedding direction) were not defined. With regard to these
remaining issues, methods for evaluating anisotropy are now being reviewed by collecting and analysing
existing information from past studies; additional laboratory tests are also being conducted.

Three-dimensional stress conditions were not determined accurately because the hydraulic fracturing
method is the only applicable method for measuring the initial stress in a borehole drilled from the surface.
The applicability of initial stress measurements using rock cores was not thoroughly evaluated either.
Hydro-mechanical coupled behaviour and the time-dependent deformation of the rocks surrounding
openings created during tunnel excavation may become the primary mechanisms controlling self-healing
of excavation damage over a long time period following the installation of supports, although they are
believed to have little influence on the construction of underground facilities. No technique was developed
for evaluating the evolution of excavation damage on the rocks surrounding the openings over a long
period of time, taking the phenomena mentioned above into account. These issues cannot be adequately
addressed in Phase I and should therefore be addressed in Phase II and/or Phase III, along with checking
the technical reliability of the rock mechanical investigation techniques developed in Phase 1.

The investigations in Phase II can be divided into two categories:

a) validation and updating of models developed in Phase I;
b) investigations that can be conducted only during excavation.

The former category (a) involves investigating both the undisturbed rock and the EDZ, while the latter
category (b) involves investigating the mechanisms that generate the EDZ immediately after excavation.

The investigations of the undisturbed rock are aimed at building confidence in the rock mechanical model
(distribution of properties and initial stress) developed in Phase I. For this, boreholes, extending over 10 m
and covering an area three dimensionally including not only the EDZ but also the entire underground
facilities, are drilled from the tunnels to conduct investigations such as density and velocity logging and
laboratory tests on rock cores. The target areas for the investigations will be ZONEs 1-3 indicated in the
Phase I rock mechanical model. It should be noted that the surveys will be planned mainly as part of
borehole investigations from the horizontal drifts, since they are scheduled to be carried out after the
excavation of tunnels has been completed.

Building confidence in the predicted results in the category (a) and issues in the category (b) should be
addressed before, during and after tunnel excavation because it is necessary to determine the extent,
properties and mechanisms of the EDZ formed immediately after excavation. Since the size of the
investigation area is limited, and the size of EDZ may vary depending on depth, shaft sinking should be
suspended at several depths to allow investigations using boreholes drilled from the interior of the shaft. It
should be noted that the time-dependent evolution of the EDZ is one of the items to be investigated for soft
sedimentary rocks and, particularly for the area around the shafts, the investigations are planned to be
conducted at locations where they can continue even after completion of excavation. Specifically, these
investigations will continue in connecting drifts at depths of 140 and 280 m, as well as in two experimental
drifts at a depth of 300 m or more. Although the length of the borehole only needs to exceed the range of
the EDZ, the boreholes may need to be drilled in several directions in the shaft cross-section since the
extent of the EDZ varies depending on the direction of the principal stress. Investigations would include

borehole wall observations, borehole loading tests and hydraulic tests, as well as geophysical logging and
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laboratory tests, allowing changes in in situ rock conditions and properties to be directly determined.

In situ experiments are planned to be conducted mainly in the horizontal drift because these will be
required before, during and after excavation in order to understand the generation mechanisms of the EDZ.
In situ experiments on the EDZ conducted previously in the Tono Mine may provide input for the design of

the in situ experiments.

The models developed in Phase I will be updated on the basis of the results obtained from the Phase II
investigations described above. The technical reliability of the initial state obtained from the EDZ-related
investigations will be checked by periodical measurement of changes in parameters. The AE technique,
which may be difficult to apply in the initial stress measurements, is now being reviewed for use as a

method that could be used for non-destructive determination of the extent of the EDZ>"¥.

(5) Study on the long-term stability of the geological environment

The investigations and analyses in Phase II will focus on the impacts of natural phenomena on the
geological environment based on the results from Phase 1. In particular, the past groundwater environment
will be reconstructed analytically, taking changes in climate and sea-level, and the evolution of topography
and geological structure into account. At the same time, an evaluation will be carried out of whether or not
the reconstructed groundwater environment is appropriate in the actual environment using the present rock
and groundwater data obtained from the surface and the underground facilities. Concurrently with these
analyses, and taking the case of Horonobe as an example, a series of investigation techniques will be
developed for modelling and analysing the long-term evolution of the geological environment (including
groundwater flow and chemistry and solute transport properties), using an consequence assessment model
of faulting and hydrothermal activity being currently under development.

Issues relating to the temporal and spatial changes and style of natural phenomena which remained
unsolved by the Phase I investigations will be addressed in the investigations to be initiated in Phase II.

All of the historical documents collected in Phase I to provide information on the past seismicity were
compiled long after the occurrence of earthquakes. Hence they did not provide information on the
distribution of locations which experience ground-shaking motion, nor about the damage caused by
earthquakes, which might be described in the original source texts. The distribution of locations
earthquakes that could be felt and the quake damages that were recorded would be essential for estimating
magnitude and source of earthquake (i.e. hypocentre), as well as for determining changes in the crustal
stress field before and after an earthquake. It will therefore be necessary to check the original historical
documents that may have records on earthquakes and to continue collecting historical records on
earthquakes that occurred in regions along the Japan Sea. Since the analysis of seismicity in Phase I used
seismic monitoring data obtained over a short period of time, i.e. slightly less than three years, the results
of the analysis carried out for hypocentre determination are not considered to be particularly reliable due to
the lack of data. Further accumulation of seismic observation data and efforts to determine hypocentres
based on the data obtained will thus be required to evaluate the correlation between seismicity and the
subsurface geological structure.

Restored geological cross-sections prepared in Phase I ignored deformation, i.e. temporal changes in the
thickness of formations. The cross sectional areas were not balanced in terms of bed-length and area before
and after the deformation, as well as geometrical restrictions related to the development of faults and fold
structures. In order to achieve a more practical restoration of the geological cross-section, it should
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therefore be revised based on new additional data obtained in the course of the next phase of investigations,
taking into account the changes thickness of formations. This will enhance the accuracy of the estimating
of temporal variation of the groundwater flow conditions taking into account the impact of the natural
phenomena, including of the change of geological structure.

For future volcanic and hydrothermal activity, the possibility of the presence of magma and other high
temperature fluids at depth in northern Hokkaido should be evaluated using not only geological methods
but also geophysical methods such as seismic tomography and the MT method. At the same time, a
theoretical evaluation based on simulations should be conducted to improve the reliability of the estimate
of the evolution of thermal structures based on existing information. With respect to the temporal and
spatial variation of the palacoclimate associated with the glacial — interglacial cycle in the Horonobe area
was reviewed based on the reconstruction of vegetation observed in the Kenbuchi Basin located in the
southern part of northern Hokkaido and Lake Koetoi at the northern end of Hokkaido. However, it is well
known that vegetation varies considerably depending on altitude, precipitation, and distance from the coast.
If the vegetation in the past could be reconstructed, it would be possible to estimate, to a certain degree, not
only the palaeotemperature but also the palaecoprecipitation based on the relationship between the present
climatic conditions and vegetation. Because the precipitation and vegetation represent key input for
estimating the future recharge volume, it will be necessary to reconstruct vegetation using samples
collected for pollen analysis in the Horonobe area, and to reconstruct the palacoenvironment, including
temperature and precipitation.

The Phase I investigations revealed only a qualitative trend for topographical changes in the Horonobe area.
In future investigations, it will be necessary to develop a simulation model of topographical changes to
which the concept of rock control can be applied in order to evaluate the evolution of the geological
environment taking topographical changes into account. In this respect, data on geomorphic values
required in the simulation should be acquired for each formation. Data uncertainty, reliability of the data,
and premises should thus be specified in the analyses related to the impacts of natural phenomena on the

geological environments during the Phase II investigations.

(6) Development of investigation techniques

Through the Phase I investigations, techniques for characterising the oil- and gas-bearing sedimentary
formations with saline groundwater were developed stepwise and expertise relating to the applicability of
these investigation techniques was accumulated as described in Subsection 4.8.1. However, QA/QC for the
Phase I investigations proved to be inadequate for some investigation tasks. The reasons identified for this
include:

e inappropriate (or lack of) QA/QC methodologies (e.g. strategy, action programme, manual);
e insufficient preliminary evaluation for planning the investigations;
e non-functional organisational system (e.g. information-sharing, decision-making).

In Phase II, an appropriate QA system applicable to all aspects of the investigations should be established,
which includes measures to address the issues mentioned above. In addition, since more experience was
gained from failure or setback in the course of the Phase I investigations, tacit knowledge and expertise
based on such experience should be elicited and integrated as a knowledge database. An important step
would also be to pass on key know-how and hard-won experience from researchers who have experienced

mistakes to the next generation through the actual work.
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4.8.3 Lessons learnt from Phase | investigations
(1) Geological investigations
During the geological investigations from the surface, a lot of successes and setbacks were gained as

mentioned in Subsections 4.8.1 and 4.8.2 and the following lessons were learnt from the investigations:

Some data acquired in the airborne geophysical surveys may be of poor quality because of the limited
flying altitude owing to the potential impact on livestock in areas where stock farming is rich and also
owing to regulations concerning flying over railways and urban areas.

When evaluating the location and hydraulic characteristics of a fault zone in a formation composed of
marine deposits, an effective investigation method would be to measure the resistivity of shallower
rock formations by means of electromagnetic surveys. When interpreting the resistivity structure
determined, it would be necessary to consider whether the difference in resistivity is due to
differences in the lithofacies or groundwater chemistry. For a stepwise resistivity survey, it would be
effective to gradually reduce the depth of the survey.

When conducting reflection seismic surveys in an area with little variation in physical properties, the
continuity of the reflector and the resolution may not be greatly enhanced even if smaller spacing
between the shot/receiving points is used. For an effective stepwise reflection seismic survey, a survey
according to standard specifications should be conducted first, followed by a more dense survey in the
area where relatively good continuity of the reflector and resolution were obtained.

Multi-offset VSP surveys would be difficult to apply effectively to a sedimentary formation with a
complicated dip but effective only when the reflector obtained is considered to be almost horizontal.
For observation of faults where strike-slip features prevail, it would be effective to artificially form a
horizontal outcrop (stripping). For clarifying mountains and hill uplifting processes, the hinterland
analysis using fossil diatoms may be applied. Applying the RIPL method to terraces, in particular,
would be effective for determining uplift rate and land — sea distribution in each period.

The correlation between the GPS baseline length (distance between GPS stations) and earthquakes
would serve to determine whether earthquakes would have an impact on the geological environment
(stress and strain) and, if so, what the level would be based on the relationship between magnitude

and epicentre.

(2) Hydrogeological investigations
The discussion below presents lessons learnt from the hydrogeological investigations from the surface,

taking into account successes and setbacks described in the preceding subsections:

For investigations using existing information, full use of the findings of the past surveys (e.g.
exploration of natural resources) will be of great importance. Here, the key properties and processes
of the geological environment should be focussed on primarily from a hydrogeological point of view.

The decision as to whether to assume the target rocks as being porous or fractured will be crucial for
investigations, modelling and analysis. For example, if the rocks are porous, it would be more
cost-effective to conduct hydraulic tests in the laboratory rather than conducting in situ hydraulic
packer tests. In contrast, if the rocks are fractured, flow logging would be more important and the
length of the test interval for in situ hydraulic tests would have to be carefully determined. When
evaluating solute transport properties, investigation methods would be different depending on whether
the rocks are considered to be porous or fractured. It will also be required, for groundwater flow and
solute transport analyses, to evaluate techniques in accordance with the hydraulic properties of rocks
and parameters to be acquired which also vary according to the analytical methodologies. In the
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disposal project, it may be necessary, based on existing information or results of investigations in the
first borehole, to determine whether rocks are porous or fractured media and to identify important
hydrogeological characteristics such as abnormally high pressure. There will then be flexibility to take
appropriate measures based on data obtained in subsequent investigations.

In the shallow subsurface hydrological investigations, it will also be important to characterise the
geosphere — biosphere interface. A methodology for determining the water balance on the scale of the
drainage basin based on hydrological investigations and defining the distribution of aquifers will be
essential as preliminary investigations for the disposal project.

Borehole investigations would require different methodologies (or a combination of methods)
depending on the rock properties and groundwater chemistries of interest. It would therefore be
necessary for the disposal project to establish characterisation methods suitable for the site as early as
possible so that investigations could be carried out in such a way as to yield results of similar quality
in as many boreholes as possible.

(3) Hydrochemical investigations

For investigations of the host sedimentary formations, for instance, in the future disposal project, lessons

learnt from the hydrochemical investigations from the surface are described below:

The individual investigation and analytical techniques applied in the Phase I investigations would be,
in general, applicable.

Since the inadequacy of the Phase I investigations on discontinuities is partly due to insufficient
preliminary evaluations and inflexible investigation strategies, investigations for the disposal project
should be planned on the assumption that the sedimentary formations may exhibit hydrogeological
characteristics inherent to both porous and fractured media.

(4) Rock mechanical investigations
The rock mechanical investigations conducted in the Horonobe project could be considered unusual both

domestically and internationally because of the specific geological and rock mechanical conditions. The

following findings were obtained in these investigations:

The rock mechanical investigation of rocks with indistinct lithofacies changes would, for reliable
modelling and analysis, require an approach in which successive data are obtained by geophysical
logging; for example investigation locations selected based on the obtained data, results of the
investigations interpreted and then models developed.

It is found that rocks assumed to be formed in more or less the same geological age and with
significantly high homogeneity in a horizontal direction do not always have a uniform depth profile of
properties. This indicates that it is unwise to estimate the 3D distribution of rock properties in an area
extending over several kilometres based only on existing geological maps or scant point data.
Borehole investigations at several locations would be required to avoid such a situation.

The effects on the initial stress field of discontinuities of various sizes (faults, fractures etc.) present in
the rocks need not be taken into account when determining the layout of a repository to be constructed
in sedimentary soft rock. The initial stress may however vary depending on the rigidity of rocks.
Therefore, when rocks with different rigidity are present, it will be important to measure the initial

stress in each rock in order to enhance the reliability of measured values.
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(5) Study on the long-term stability of the geological environment
As a result of the Phase I investigations, some important issues can be highlighted for estimating the future

geological environment over a period of ten thousand years. Proposals and lessons learnt for conducting

future investigations are described below.

It will be important to use data obtained by different investigation methods for different time periods
concerned. When evaluating the horizontal crustal strain rate over a period of ten thousand years,
which will be the case for the disposal project, data obtained using the geological method will form
the basis of the evaluation. This illustrates that it is necessary to use an investigation method
appropriate for the duration of a period equivalent to, or longer than, that to be evaluated.

Issues to be considered vary depending on the duration of the time period of interest when estimating
future changes of geological environments. An example of the case would be changes in geological
structure. Effective investigation results can be achieved by selecting the phenomena to be considered
in estimating the future geological environment according to the site-specific characteristics of the
natural phenomena.

It should also be noted that areas which are now coastal may become inland in the glacial period
owing to the change in sea-level associated with the glacial-interglacial cycle. In this respect, it is
important to collect information on submarine topography in and around the target area in the
investigation of coastal regions.

In addition, when evaluating the effects of natural phenomena on the geological environment,
attention should be paid to the fact that the geological environment may be affected as a result of
interaction among natural phenomena. In other words, it is important to always be aware of the fact
that individual natural phenomena such as faulting, uplift/subsidence or change in sea-level may not
affect the geological environment independently but rather the results of interaction among them will
have an effect. This means that evaluating the impact of seismicity and faulting alone on the
geological environment, for example, may not be appropriate as an evaluation of the impact of natural
phenomena on the geological environment in a given location. Natural phenomena up to the present
should thus be comprehensively integrated into a geological evolution model before evaluating their
impact on the geological environment. This means that consequence assessment models and
simulation techniques developed independently to date should be coupled for application when
evaluating impacts of natural phenomena on the geological environment and when estimating the
future geological environment based on these evaluations. Such a process would be similar to the
reconstruction of the geomorphological and geological evolution conducted by researchers in the
areas of geomorphology and geology. More specifically it is the integration of individual technologies
in which the results of investigations on the current topography and its components, buried landforms,
the depositional period and structures of rock formations, micro-fossils found in landform materials
etc. are integrated so that historical geomorphology and geological evolution can be reconstructed.
Again, the importance of the systematic approach or the palacohydrogeological method must be
emphasised, in which temporal and spatial changes in groundwater flow conditions associated with
the geological evolution in a certain location is estimated and the best-possible approximation of a
future evolution at that location is described.

(6) Development of investigation techniques
By reviewing the strategies set at the beginning of the Phase I investigations, with the recognition that

investigations should be conducted with the key properties and processes of the geological environment
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and their temporal variations in the context of geological disposal always in mind, the following

suggestions are derived in terms of how to conduct investigations:

A clear strategy for carrying out investigations should be established before starting a programme.
Specific goals should be defined first and then a schematic ‘workflow’ drawn up to specify the
procedure leading to the investigation goals; finally a path for achieving the goals should be shown as
a ‘data flow diagram’. This approach would enable to conduct more efficacious investigations by
eliminating excessive efforts and to acquire data on the geological environment, which are crucial for
geological disposal, in a comprehensive manner.

After obtaining the necessary data on the geological environment in a comprehensive manner, more
detailed investigation items should be selected. Here, for instance, the sensitivity of the geological
environment to the impacts of natural phenomena should be clarified to some extent. Note that
geologically significant features are not always important for geological disposal. At the beginning of
the investigation, data should thus be collected uniformly for all predetermined investigation items,
not for each item in detail. Based on the data collected, items requiring more detailed information
should be selected by conducting a sensitivity analysis of system performance.

In addition, with respect to QA/QC for the investigation, lessons learnt from the Phase I investigations are
highlighted below:

To assure the quality of the R&D, ‘transparency’, ’traceability’, ‘openness’ and ‘expert review’ are of
great importance. As an action programme for realise these requirements, implementation plans
should be formulated for each investigation, which define the work timeplan, organisational structures,
methods for investigation and analysis, measures against expected problems, procedures involved in
each task and for QA/QC and safety assurance etc. They also specify that approval by the person in
charge of QA/QC should be gained regarding the content of the programme in question prior to
implementation. Particularly when investigations are outsourced to third parties, the goals to be
achieved and quality of data required from the investigations should be informed to the parties
through clear formulation of the implementation plan.
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5. Development of engineering technologies for the deep geological environment

One of the key issues of the Horonobe URL project is the development of engineering techniques for the
deep geological environment. The aims of this include developing, for soft sedimentary rock, advanced
systematic techniques for planning the design and construction of underground facilities and to gain
experience with the actual design and construction of the underground facilities, based on information on
the geological environment obtained from surface-based investigations, and demonstrating the safety of
construction and operation of the underground facilities. The experience accumulated in the design,
construction and maintenance of the underground facilities in the geological environment in situ will be
used as input for investigations using the underground facilities subsequent to the detailed investigation
stage in the actual disposal project.

This chapter describes the specifications and layout of the underground facilities developed in Phase I of
the Horonobe URL project and the procedure for planning the design and construction of the underground
facilities in sedimentary rock, as well as the results of the development work described above. The results
of the assessment of engineering techniques for the EBS and disposal facility are described in a separate
volume on “Geological Disposal Research”.

5.1 Background of URL construction

5.1.1 Major requirements for the URL

In the Horonobe URL project, the depth of the tunnels was specified to be around 500 m (see Chapter 3 for
details), considering the assumptions made in the H12 report" for disposal in soft rocks. The sedimentary
rock of interest has low rock strength and high ground pressure and contains flammable gases (mainly
CHy), as described in Chapters 3 and 4. For the construction of underground facilities under these
conditions, a tunnel stability analysis and disaster prevention measures are required as part of the design
and construction project to ensure safety during construction and operation.

5.1.2 Topography and characteristics of the geological environment at the URL site
At the URL site selected in the Hokushin district, around 3.5 km northeast of the central Horonobe, surface
preparations started in 2003 and were completed in 2005. The area purchased by JAEA was approximately
191,000 m’ (19.1 ha). The total area for construction of the surface facilities, including the administration
building, and the areas for the underground facilities was approximately 68,000 m’ (6.8 ha).

The selected URL site is located in a basin with gently dipping formations at the Soya Hill, with smooth
undulation influenced by periglacial process, where the Koetoi Formation, composed of diatomaceous
mudstone, is overlain by Quaternary periglacial brecciated sediments. The altitude of the surrounding hills

is about 100 m elevation, while that of the URL site is about 60 m elevation.

The soft sedimentary rocks at the URL site (the Wakkanai and Koetoi Formations) have high porosity, low
unit mass, low strength, low permeability, low swelling properties because of the low content of swelling
clay minerals and medium to high rock slake resistance (Table 5.1.2-1). These characteristics of the
geological environment are basically within the range of properties specified in the dataset for soft rock for
the assessment of the geological disposal system in the H12 reportl), except that the in situ stress in the
horizontal plane is anisotropic. Environmental conditions unique to the URL area were also identified,
including the presence of saline groundwater, natural gas and toxic heavy metals contained in the rock.
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Table 5.1.2-1 Petrophysical properties and representative environmental conditions

Wakkanai Formation Koetoi Formation

Porosity [%] 40-50 60-65

Unit weight [kN m™] 15-19 14-16
Uniaxial compressive strength [MPa] 5-30 3-5
Hydraulic conductivity ms™ 10M-10° 10°-10
Swelling factor [%] <0.03 <0.04
Durability factor (ld2) [%] >95 >90
Dominant dissolved gas CH4 CH4
Groundwater Saline Saline

5.2 Planning of URL construction

5.2.1 Basic strategy

In Phase I, the specifications and layout of the tunnels were developed based on information on the
geological environment obtained in the surface-based investigations, the investigation programme planned
for the underground facilities and currently available construction techniques. The design and construction
plan was formulated based on considerations of construction measures for ensuring safety and of
maintenance of an appropriate in-tunnel environment in view of the various phenomena that may occur in
the deep subsurface environment during the construction and operation of the facilities. When formulating
the plan, emphasis was placed on efficient and cost-effective designs, subject to the major premise that the

underground facilities are safely constructed and maintained.

When comparing the preliminary design and construction plan for the underground facilities in the
Horonobe URL project with the actual repository design concept outlined in the H12 reportl), it should be
borne in mind that constraints on the actual operation of the repository and restrictions on the temperature
of the waste and buffer material will be determined based on future investigations and have not been
factored into the URL project. Both plans have in common that tunnel stability is taken into account in the
tunnel design. This programme considers constraints associated with the implementation of the project,
such as the construction period and cost, as well as requirements ensuring safety and environmental

preservation.

5.2.2 Conceptual design and layout of the URL
The shafts will be sunk to a depth of about 500 m and horizontal drifts (circular-profile experiment drifts
and connecting drifts) will be located at a several depths along the length of the shafts. The layout of

tunnels in the underground facilities, drawn at the end of Phase I, is shown in Figure 5.2.2-1.

(1) Access

A comparison was made of two systems, i.e. a shaft and a spiral tunnel, in terms of volume of construction
work, area requirements, the investigation programme, tour group facilities, safety of the environment,
construction period, cost etc. The shaft system, which proved to be better in terms of construction period
and cost, was eventually selected.

(2) Cross-section of shafts and horizontal drifts

The shape and dimensions of the cross-section of the shafts were determined based on full-face sinking,

taking into account space occupied by temporary construction installations such as kibbles, lifts and air
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ducts, transport infrastructure for investigation materials and apparatus for use in the horizontal drifts,
transport of construction machinery for excavation of the horizontal drifts and past experience in shaft and
tunnel excavation. Considering the minimum cross-section that can accommodate the materials and
equipment mentioned above, the cross-sections of the East, West and Ventilation Shafts were determined to
have a circular cross-section with diameters of 6.5 m, 6.5 m and 4.5 m respectively (Figure 5.2.2-1).

The cross-section of the horizontal drifts was designed to be a horseshoe shape with no corners; this has
mechanical advantages considering the low rock strength at the site and workability. The standard
cross-section width was set at 4 m in order to provide a space in which borehole investigations can be
conducted at given locations in the drift (work space with (w) 3 m x (h) 3 m; Figure 5.2.2-1). For areas
where large-scale borehole investigations are planned, the cross-section was expanded to a width of 7 m.

Access Shafts

e Ventilation —
Shaft

Access Shaft ' Access Shaft

-t. (East)

= (_West]

3,600

= The layout of the underground facilities is subjected to change
in accordance with the progress of the project.

Figure 5.2.2-1 Layout and cross-sections of shafts and drifts
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(3) Layout of shafts

Based on fundamental concepts for disaster prevention in underground facilities, fire was selected as the
accident most likely to cause a serious disaster. Given the potential for CH4 blowout, preventing fire in the
tunnels was identified as the most important measure against disaster in the underground facilities in the
Horonobe URL project. The basic strategy was to develop a disaster prevention system that is capable of
securing a safe zone by means of ventilation control in the event that an accident such as fire occurs at any
location, ensuring that personnel in the tunnels are able to evacuate safely to the ground surface. Based on
this concept, an evaluation was made of evacuation routes based on the rough ventilation network diagram
in the case of fire. As a result, two shafts alone were found to be inadequate for implementing the basic
disaster prevention concept (e.g. in the case of fire occurring in a downcast shaft). Provision of three shafts,
including two downcast shafts and one upcast shaft was therefore decided. The centre to centre distance
between the adjacent shafts was determined to be 70 m to ensure that operations can be carried out safely
and effectively, including the installation of temporary surface facilities such as the shaft tower, transport
of material and machinery and removal of excavated rock (muck). A large fan will be installed in the
Ventilation Shaft to provide the required amount of air in the tunnels at the time of ventilation. Considering
safety in the event that a gas explosion occurs (measures against fan breakage), the fans will be installed in
dedicated tunnels branching off from the Ventilation Shaft.

(4) Layout of horizontal drifts

The depths for constructing the circular experiment drifts, where major investigations will be conducted,
will be decided based on the results of borehole investigations conducted in the vicinity of the URL site,
considering the requirements of the Phase II investigation programme and information obtained during the
construction of the underground facilities. Several connecting drifts will be also constructed at intermediate

to provide space for preliminary testing and to improve working conditions during construction.

The circular experiment drifts were designed as horizontal drifts with a minimum length to allow them to
encircle the shaft, while maintaining a distance between drifts which ensures that there is no effect owing
to excavation of adjacent drifts (the centre to centre distance between adjacent drifts was three times
greater than the diameter of the drifts) and a minimum radius that ensures workability (machine excavation
and rail construction method) during the construction of the underground facilities. For experiments on the
EDZ and gas migration, drifts extending outwards from the circular drifts, turnout area and pump stations
were also installed. Considering mechanical stability requirements, the longitudinal direction of the
circular drifts was aligned with the direction of the maximum principal stress (E-W direction) determined
by the hydraulic fracturing tests during the borehole investigations as described in Subsection 4.4.3. The
connecting drifts that connect the shafts have a turnout area, drilling station and pump station as necessary.

5.2.3 URL construction plan

(1) Excavation of the underground facilities

Excavation of the Ventilation and East Shafts started in March and August 2006 respectively. Excavation
of the West Shaft is scheduled to start in 2009. Investigations scheduled for the Phase II programme will be
conducted concurrently with shaft sinking with aims of checking the reliability of the results obtained in
Phase I and conducting long-term in situ tests, monitoring of excavation damage around the underground
facilities and investigation of excavation damage at the shaft.

Since tunnel ventilation is required at an early stage, considerations of cost-effectiveness indicate that the
Ventilation Shaft should first be sunk to the final depth, while, at the depth where horizontal drifts are
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planned, excavating only the minimum length required for the excavation of subsequent horizontal drift.
Meanwhile, the East Shaft will be sunk to the depth of a horizontal drift, where a connecting drift to the
Ventilation Shaft will be excavated. The procedure will be repeated for each of the connecting drifts. The
West Shaft will be sunk to the final depth while excavating the connecting drifts that connect the West
Shaft with the already excavated horizontal drifts.

Tunnel ventilation is planned to start after the Ventilation Shaft has been sunk to the final depth and the
horizontal drift extending from the East Shaft is connected with the Ventilation Shaft.

(2) Excavation methods and support measures

Shaft sinking will be conducted using the full-face excavation method. Mechanical methods are used in
order to restrict the effects on the surrounding rock mass, since the rock at the predetermined excavation
depth of 500 m has a uniaxial compressive strength of less than 30 MPa (see also Subsection 4.4.3).
However, the East Shaft will be excavated by blasting in order to identify the difference in the EDZ
generated by different types of excavation. The standard method used for shaft sinking was the irregular
short-step method in which excavation of 1 m is conducted twice before emplacing the concrete lining.
Figure 5.2.3-1 shows a diagram of the shaft sinking procedure.

Excavation of the horizontal drifts will basically be by mechanical excavation using part-face tunnelling
machines and breakers. Excavation of the circular drifts will be based on the rail method which is
advantageous in terms of ventilation, movement of excavated rock and preventing explosions. Excavated
rock will be removed by a muck car to the intersection with the shaft, where it will be transferred to a
kibble and then taken out of the tunnel. Considering that the rock competence factor is lower than two in
most of the areas in the drifts, using shotcrete at an early stage of excavation was selected as the standard
procedure for tunnel support along the entire section of the drift in order to prevent deformation. Figure
5.2.3-2 shows a diagram of the excavation procedure of the horizontal drifts.

(1) Excavation (2) Mucking (3) Shaft-lining
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Figure 5.2.3-1 Construction plan for shafts (mechanical method)
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(1) Excavation & Mucking

Road header Shuttle car Battery locomotive ‘
7g\ I\ T (2) H-section steel lining &
H'a. _@;i LQ P '-li.a@@\;. Shotcreting

Spray robot  Shotcrete machine Agitator car ‘

B s el (3) Rock bolting

Drill jumbo ~ Freight car $

P

Secondary shotcreting
if necessary

Figure 5.2.3-2 Construction plan for drifts (using road header)

(3) Excavated rock (muck) processing

Cores from boreholes HDB-3 and HDB-6, located near the underground facilities, were checked for
hazardous materials using the criteria defined in the Soil Contamination Countermeasures Law (Law no.53
of 2002; referred to as the Soil Law in this chapter).

The excavated rock from the underground facilities will not be subject to provisions of the Soil Law
because the specified toxic substances contained in the excavated rock are derived from natural sources.
However, in view of the potential impact on the surrounding environment when excavated material is used,
for example, as an embankment and as a result of consultation with relevant authorities, measures
compliant with the Soil Law will be taken. Evaluating the contamination level of the soil based on the
content and dissolution of specified toxic substances, the Soil Law sets standards for implementing
measures such as removal of contaminants, depending on the type and concentration of the toxic substance
in question. With regard to dissolution in particular, the primary and the secondary dissolution criteria are
stipulated and appropriate countermeasures are proposed.

Laboratory tests on content and dissolution indicate that there are no toxic substances with a content that
exceeds the specified criteria. However, the dissolution of specified toxic substances such as As, B, Cd, F
and Se was found to exceed the primary criteria. The dissolution of these elements, however, does not
exceed the secondary criteria. A structure conforming to the seepage control requirements specified in the
Soil Law will therefore be used to store the excavated rock generated by the construction of the

underground facilities.

The muck storage location is planned to be about 700 m distant from the URL site. Its structure is an
embankment on the downstream side to be filled on the inside with excavated material. Double liner sheets
will be used for sealing at the bottom and non-woven fabric is sandwiched between the sheets for their
protection. After the storage facility is filled with muck, it will be covered with the liner sheets and then
with soil to prevent infiltration of rain from through the top surface, thus preventing seepage of toxic

substances to off-site locations.

Analyses of the content and dissolution of toxic substances in the excavated rock and water chemistry
surveys of seepage water from the stored rock will be carried out on a regular basis. Monitoring holes will

also be drilled around the storage site for continuous monitoring of potential leakage of toxic substances.
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(4) Drainage water treatment programme

Saline groundwater is found deep subsurface where the underground facilities will be constructed.
Geophysical logging covering depths from 50 to 590 m in boreholes HDB-3 and HDB-6 indicates that the
Cl concentrations in the groundwater are in the range of 2,102-14,071 mg I"'. The Cl concentrations in the
drainage water from the underground facilities were calculated based on the relationship between the depth
profile of Cl concentrations obtained by logging and the seepage at each depth and dilution by the drainage
water from construction to be maximum of 4,600 mg 1" (approximately 1/4 that of seawater), which may
be higher than that of river water around the facilities. Although no specific guidelines regarding Cl
concentrations in drainage water are contained in the Water Pollution Control Law (Law no.33 of 2005;
referred to as the Water Law in this chapter), which regulates the waste water chemistry from industrial
fields released to public water areas, an evaluation was made of the waste water processing method

considering the potential impact on the surrounding environment.

There are two approaches for diluting Cl: removal of Cl and mixing with freshwater. The latter was
selected since the former involved high operating costs and problems of residual salt. Since a large volume
of water is required to sufficiently dilute the drainage water from the underground facilities, drainage will
be through a pipeline into the Teshio River located about 8 km south of the underground facilities; this will
avoid increases in river flow rate and changes in the Cl concentrations. The result of an investigation of the
flow regime indicates that the Teshio River, to which drainage will be discharged, is sufficiently wide and
has a sufficiently high flow rate to ensure dilution. The brackish environment around the discharge point,
where seawater runs in to form a poorly mixed saline wedge, will also minimise the impact on the

surrounding environment.

The groundwater chemistry derived from the analysis conducted in advance revealed that specific toxic
substances (B and ammoniacal-N) are already present in amounts that exceed the drainage criteria
stipulated by the Water Law. All of these specified toxic substances in the groundwater are of natural origin.
The drainage water will be treated to remove B and ammoniacal-N before being discharged into the river
to ensure that the concentrations will not exceed the criteria specified in the Water Law and criteria
specified on the basis of consultation with relevant organisations. Water chemistry of drainage water from
the underground facilities and drainage water after processing will thus be monitored and checked to make
sure levels are in line with the Water Law and its relevant regulations. The chemistry of the Teshio River
water will be monitored in accordance with the measurement items, survey points and survey frequency

decided on the basis of consultation with responsible organisations.

5.2.4 Tunnel stability analysis

A tunnel stability analysis was carried out with a view to designing the tunnel supports prior to the
excavation of the underground facilities; the analysis conditions were set based on rock mechanical
investigation results from boreholes HDB-3 and HDB-6 up to 2003% (see Subsection 4.4.3).

(1) Classification of rock mass and specifying the rock parameters for analysis

It is clear that deformation of the rocks around the underground facilities is likely to result in crack
formation®, although classified as soft rock, by the borehole loading test conducted in the vicinity (Figure
5.2.4-1). The results of core logging also indicate that fractures caused by drying or changes in external
loading (hairline cracks) are distributed widely in the rock. An analysis of shear planes in the specimens
used for the uniaxial compressive strength tests on cores revealed that numerous shear planes were
generated along the hairline cracks observed prior to the tests” (Figure 5.2.4-2). The rock strength and
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elasticity coefficient of cores with hairline cracks are lower than those of the cores without cracks (Figure
5.2.4-3).
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Based on these findings, when setting the rock parameters to be used in predicting behaviour at the time of
tunnel excavation, rocks have to be considered in terms of a possible reduction in strength and elasticity
coefficient owing to hairline cracks; they also have to be evaluated as a jointed rock mass considering the
influence of fractures. The rock mass classification to be used in the tunnel stability analysis for the
underground facilities is based on the results of core logging in accordance with the rock mass
classification illustrated in Table 5.2.4-1, focussing on hardness, fracturing and hairline cracks that are
considered to have a significant influence on mechanical properties (strength and deformation
characteristics). In the rock mass classification, it was determined whether the percentage of sections with

cracks in a 10 m interval of core exceeds 10%. If so, the interval is assumed to be affected by the cracks.
The mechanical properties for analysis were defined in the following order:

a) initially assume such properties of rock without fractures or hairline cracks as a reference;

b) specify reduction factors for each of the rock properties derived from the influence of fractures or
hairline cracks based on the results of tests and in situ experiments;

c) calculate the properties for each rock mass classification by multiplying the reference value by the
reduction factors (Table 5.2.4-2).

Here, when no fractures or hairline cracks were present, the average values for the Wakkanai and Koetoi
Formations obtained from triaxial compression tests (CD test) using samples without fractures or cracks
were used as the strength values. When setting the reduction factor owing to the influence of fractures, the
ratio of the deformation modulus with and without fractures obtained from borehole loading tests (Figure
5.2.4-1) was used as the reduction factor for the elasticity coefficient for each rock classification. The
reduction factor for rock strength was assumed to be identical to that of the elasticity coefficient. To obtain
the strength value, cohesion was multiplied by the reduction factor, while the angle of internal friction

remained fixed, since the effect of the cohesion is generally dominant in mudstone.
The reduction factor owing to the influence of hairline cracks was set as follows:

e The average uniaxial compressive strength and elasticity modulus for each rock mass classification
was set to one based on the results of uniaxial compression tests using samples with no fractures or
cracks. The generation frequency of shear planes along a hairline cracks was then defined as a ratio of
the average value of each intersection angle. Thus, the reduction factor for rock mass classification
with low fracture frequency (H class) was determined for each lithofacies.

o  Considering the anisotropy of reduction factors observed in the Wakkanai Formation with respect to
the intersection angle between the loading direction and hairline cracks (Figure 5.2.4-2), local stress
conditions around the tunnels at the time of excavation were considered to be complex. However,
since quantitative modelling of these conditions was not possible, the variations in strength owing to
differences in the loading directions were all assumed to be the minimum reduction factor of 0.3, thus
setting strength as an isotropic property.

o [t should be noted that the reduction factor for rock mass with a higher fracture frequency (L class)
was set to 1.0, while that for rock mass with medium fracture frequency (M class) was set at the mean
value between the H and L classes because the influence of hairline cracks varies depending on the

frequency of existing fractures.
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Table 5.2.4-1 Rock mass classification from core

Formation | Class | Crack* Ha|r** Characteristics
crack
D _ Soft; scratched to >2 mm depth by a utility knife; breccias, debris and
clayey materials
Koetoi L - Scratched about to 1 mm depth by a utility knife; breccias and debris
Formation cL M .. |Scratched about to 1 mm depth by a utility knife; <10 cm long columnar
cores
H +- Scratched about to 1 mm depth by a utility knife; >10 cm long core sticks
L - Scratched only on the surface by a utility knife; breccias and debris
Wakkanai cM M . Scratched only on the surface by a utility knife; <10 cm long columnar
Formation " |cores
H +- Scratched only on the surface by a utility knife; >10 cm long core sticks

* Crack: Separated plane identified by core logging
** Hair crack: Latent crack in columnar core, becoming visible when dried or externally loaded; exist (+) or not exist (-)

Table 5.2.4-2 Mechanical properties and reduction factor of rock mass

) Classification U_nit Poiss.on‘s Elastic Cohesion | Friction Reduction factor
Formation (+: Hair crack) weight ratio modulus c angle
’ y [kN m'3] v E [MPa] [MPa] 2 [°] E c
D 14.8 0.300 8.3 0.1 241 - -
CL-L 300 0.5 0.23 -
. CL-L + 300 0.5 1.00 1.00
Koetoi
Formation CL-M 15.1 0.164 500 0.8 15 0.38 -
CL-M + 450 0.6 0.90 0.80
CL-H 1,300 2.2 1.00 -
CL-H + 1,040 15 0.80 0.70
CM-L 500 1.0 0.20 -
CM-L + 500 1.0 1.00 1.00
Wakkarja| CM-M 185 0.186 1,500 3.1 25 0.60 -
Formation |cM-M  + 1,350 16 0.90 0.50
CM-H 2,500 5.2 1.00 -
CM-H + 2,000 1.6 0.80 0.30

The initial host rock pressures used for the predictive analysis were determined as follows:

o  The pressure in the vertical direction was assumed to be equivalent to the overburden pressure, while

the pressure in the horizontal plane was obtained by normalising the results of hydraulic fracturing

tests conducted in a nearby borehole (10 depths, see also Subsection 4.4.3) with the overburden

pressure.

e The average of the resulting normalised values was obtained for each of the principal stresses. The

maximum principal stress in the horizontal plane, the minimum principal stress in the horizontal plane

and the vertical principal stress were set to 1.3, 0.9 and 1.0 respectively.

o The unit weight and Poisson’s ratio were set to the averages of the results obtained from each

lithofacies in the laboratory tests on core samples.

(2) Properties of support measures

The long-term allowable compressive stress of lining concrete and shotcrete was determined in compliance

with the standards for non-reinforced concrete specified by the Japan Society of Civil Engineers (J SCE)”,

as shown in Table 5.2.4-3. The short-term allowable compressive stress of primary shotcrete support was
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determined in accordance with the construction guidelines specified by the Japan Railway Construction
Corporation (JRCC)4).

Since the short-step method is a standard technique for lining the shaft, the properties of early-age concrete
immediately after placement should be assumed. In this evaluation, the material properties for the
predictive analysis were obtained by calculating the age-dependent strength and Young’s modulus taking
the construction cycle time into account”. The Young’s modulus of shotcrete was set based on the JRCC
guideline‘” and on existing literature®, as presented in Table 5.2.4-4. Two types of settings were specified
for steel supports, viz. normal and high (high-tensile steel) standards. The allowable stress for the steel
supports for the predictive analysis was determined in compliance with the standards for steels defined by
the JSCE ” (Table 5.2.4-3) and Young’s modulus was set to 210 GPa.

Table 5.2.4-3 Mechanical properties of support materials

Design Allowable stress
Material strength [MPa]

fox [MPa] Short-term Long-term
24 - 6.0 (fc/4)
c Lining concrete 40 - 10.0 (Pudd)

oncrete ,
(Compressive) 60 - 15.0 (Pl/4)
Shotcrete 18 13.8 (Fe/1.3) 4.5 (Pl/4)
36 27.7 (fdl1.3) 9.0 (fe/4)

Steel (Tensile) S§S-400 (St.andard). - 400 160

HT-590 (High tension) - 590 236

Table 5.2.4-4 Mechanical properties of early-age concrete

Design Young'’s modulus Compressive strength
strength [MPa] [MPa]
fo[MPa] | v.Shaft | E-Shaft | W-Shaft | V-Shaft | E-Shaft | W-Shaft
24 8,700 8,300 8,800 6.4 5.8 6.6
9,600 9,100 9,800 7.8 7.0 8.2
Lining concrete* 40 11,200 10,600 11,400 10.7 9.6 11.1
(For shafts) 12,400 | 11,700 | 12,700 13.0 1.7 13.6
60 11,800 11,100 12,000 11.8 10.5 12.2
13,100 12,400 13,500 14.6 13.0 15.4
Shotcrete 18 3,400 -
(For shafts and drifts) 36 6,000 —

*Upper values for standard support; Lower values for multiple-layer support

(3) Methods and models for predictive analysis of behaviour

A 2D FEM analysis with an elastic-plastic model was used for the predictive analysis in the tunnel and the
Mohr-Coulomb failure criterion applied. As the cross-sections of the tunnels are symmetrical, 1/4 of the
shaft cross-section and 1/2 of the horizontal drift cross-section were used for modelling. The analysis
domain was set at five times larger than the excavation diameter. Rock and concrete were modelled by
using the plane strain element. The steel supports were converted into a number of supports per unit length.
The total strength of the equivalent number of supports was then modelled with the use of the beam

element. It should be noted that concrete was treated as an elastic body.
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In order to consider the 3D rock stress conditions that vary with the advance of the working face, a
sequential excavation analysis was conducted, in which the effect of stress release (owing to excavation) is
applied in a stepwise manner in accordance with the actual excavation procedure. The occurrence rate of
deformations of the tunnel wall as a function of distance from the working face was calculated based on
the result of a 3D elastic FEM analysis (axisymmetrical model) conducted for a case where a circular
tunnel is excavated without support. This occurrence rate was used to determine the stress release rate
owing to excavation in accordance with the advance of the working face. It should be noted that the stress

release rate immediately after excavation in the shaft was set at 70% based on the above.

(4) Support design

Focussing on the plastic zone calculated in the predictive behaviour analysis, the supports were designed
such that the thickness of the plastic zone would remain within the range of the length of a standard rock
bolt. A 2D FEM analysis using an elastic-plastic model as the constitutive equation was adopted for the
predictive analysis and the Mohr-Coulomb failure criterion applied. The stress of the support members was
checked based on the allowable stress design. When designing supports for the shafts and horizontal drifts,
a tentative support system was drawn up based on the past construction practices in accordance with the
above rock mass classification and the stress exerted on the support installations was then calculated by an
analysis taking into account the in situ stress at each depth and the rock properties according to the rock
mass classification. When the calculated stress exceeds the allowable limit, the grade of the support

measure or the construction method was reviewed.

As described above, construction of the underground facilities in the Horonobe URL project often involves
construction under low competence factor conditions and the load on the support installations therefore
significantly increases. The support (concrete lining) used in standard short-step methods would require an
extremely thick lining to ensure safety in terms of excavation and maintenance of the tunnels. A design
based on double-layer support structure that conforms to the NATM design concept was thus adopted”.

In designing the double-layer support structure for the shafts, the specifications of the primary support,
consisting mainly of shotcrete, were determined first such that stress generated immediately after the
excavation of the working face becomes stable with respect to the short-term allowable stress and the
integrity of the secondary support to be emplaced after installation of the primary support was then
checked. The load to be borne by the secondary support was determined as follows:

e calculate the equivalent stress release rate based on the difference in tunnel face deformation without
support;
calculate the stress placed on the primary support;
allocate the value obtained by subtracting the long-term allowable stress from the stress on the
primary support to the secondary support.

The specifications of the support members were determined such that the stress imposed on the
double-layer support structure (primary + secondary support) as a whole remains within the long-term
allowable stress. In other words, tunnel stability shortly after excavation was ensured by installing primary
support immediately after the excavation of the working face and some stress was then allocated to the
secondary support (concrete lining), making full use of the strength of the primary support and the rocks.

This results in an efficient design which reduces the required thickness of concrete lining.

The shafts and horizontal drifts designed based on the concept described above used the double-layer
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support structure over about 50% of the total length of the experiment drifts. Figure 5.2.4-4 shows an
example of the support system for the sections with the double-layer support structure. The distribution of
plastic zones calculated by the predictive analysis is shown in Figure 5.2.4-5. The result of the analysis
indicates that the thickness of the plastic zone associated with tunnel excavation is up to about 3.4 m in the
shafts and about 1.8 m in the horizontal drifts.

For typical connecting/intersecting points between the tunnels, a 3D FEM analysis taking the tunnel shape
into account was conducted and the resulting maximum shear strain on the tunnel wall was compared with
the results of the 2D FEM analysis carried out for the standard parts to calculate the influence coefficient.
The supports were designed based on values obtained by multiplying the stress on the support member in
the standard areas by the influence coefficient.
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Figure 5.2.4-4 Typical support system (Multiple-layer support)
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Figure 5.2.4-5 Plastic zone by numerical analysis (FEM)
a: Access Shaft (Depth: 340 m), b: Drift (Depth: 400 m)

(5) Checking seismic stability

The underground facilities in the Horonobe URL project are located in soft rock with relatively low
strength and a high overburden pressure (thickness around 500 m) and the facilities consist of complex and
partly unique structures including shafts. Some typical structures were therefore checked for their stability

. . . 8
against seismic events such as earthquakes®.
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1) Analytical conditions and models

Non-reinforced concrete, which is the main support material used in the underground facilities, cannot be
expected to be ductile like reinforced concrete and hence it would undergo brittle destruction. The point
when compression failure occurs was thus defined as the final state in the analysis. The seismic resistance
of the structures was analysed under the assumption that, when the stress imposed on the concrete is lower
than the ultimate strength, the underground facilities would withstand earthquake motion. The seismic
ground motion level applied in the analysis was Level 2 (ground motion with extremely low probability

which occurs several times during the lifetime of the structure), which is relatively large seismic force”.

The maximum acceleration for the design ground motion was set to 230 gal, which is the maximum
acceleration for the deep subsurface of the Horonobe area determined by examining records of historical
earthquakes in the northwest region of Hokkaido'” and estimates based on the results of investigations of
active faults'”"?. Since the fault rupture mechanism in this area was not fully understood, the input
seismic ground motion was formulated by a method that adjusts the amplitude of marine type ground
motion proposed by JSCE” among empirical approaches, which is expected to cause the most severe
influence on the tunnel in the ground response analysis. Figure 5.2.4-6 shows the comparison of the
response spectrum of the input seismic ground motion formulated as outlined above.
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Figure 5.2.4-6 Response spectrum of input earthquake ground motion
a: Acceleration response spectrum, b: Velocity response spectrum

The analysis was carried out for the East Shaft, the horizontal drifts, the intersections in the horizontal
drifts (at angles of 30° and 90°) and the connection between the shaft and a horizontal drift. The East Shaft
was modelled in 3D and the horizontal drifts in 2D. The intersections and connections were modelled
locally in 3D and the conditions of intersection and connection in the facilities were simulated by changing
the direction of the input seismic waveform. Any analysis model involves the ground and tunnels and
analysis was in principle according to the ground response acceleration method which applies the seismic
ground motion to the entire model. Meshes used for the shaft and intersection (90°) in the analysis are
shown in Figure 5.2.4-7.

The inertial force and other parameters used in the ground response acceleration method were calculated
using a 1D layer ground analysis software SHAKE. The dynamic rock properties were evaluated based on
the velocity logging conducted in the borehole and the rock mass classification and the unit weight were
the same as those used in the excavation analysis. Table 5.2.4-5 shows the properties of the rock mass used
in the analysis. It should be noted that non-linearity was taken into account in the analysis for rocks in the
near-surface zone down to a depth of 25 m; rocks deeper than 25 m were considered to be elastic. The
ultimate strength of the concrete supports was determined in compliance with the standards proposed by
JSCE”, applying material factors etc. to the specified design-based strength.
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The result of the dynamic analysis for the shaft model indicates that a shear strain of around 0.6% is
generated at a depth of 25 m (Figure 5.2.4-8). For the analysis of the ground inertia force, the equivalent
seismic coefficient which represents the maximum shear strain distribution was used in the East Shaft,
while the distribution of seismic intensity at the time when the shear strain reached a maximum was used

for the horizontal drifts, intersections and connections.

558 m

[b]

S =L

Direction of earthquake (0°, 457, 90°)

0°

e

Drift B

Figure 5.2.4-7 Seismic analysis model
a: Access Shaft model, b: Intersection model (90°)

Table 5.2.4-5 Mechanical properties for seismic analysis

Layer (Depth [mbgl]) P-wa[\r/: ;/_?]Iocny S-wa[\r/r? ;/_(?]Iocny U?ll(tg wrﬁ_l%ht
Surface (0-25) 1,330 170 1480
Koetoi F (25-160) 1,330 510 1510
(160-326) 1,660 590 1510
Wakkanai F (326-530) 2,000 900 1850
(530-604) 2,120 1,070 1850

Depth [mbgl]

100

Acceleration [gal]

Shear strain [%]

o 0 500 0.0 05 1.0

200

300
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Figure 5.2.4-8 Result of seismic analysis (Access Shaft model)
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2) Confirmation of seismic resistance

In order to confirm the stress intensity in the concrete members (lining and shotcrete), it was determined
whether or not the coseismic increment in the stress intensity was lower than the difference between the
ultimate strength and the normal allowable stress intensity. In parts where there is some margin for stress
intensity, it was confirmed if the stress was within the allowable coseismic increment limit in stress
intensity (difference between the ultimate strength and normal allowable stress intensity). The test was
conducted on the inner side where the stress develops without being affected by the restraint from rocks.

Figure 5.2.4-9 shows the depth profile of the increase in the maximum principal stress generated on the
concrete lining in the shaft. The result of the analysis indicates that the stress level is generally lower than
the allowable stress intensity, thus satisfying the stability requirement, except for the part around a depth of
25 m, which is the boundary between the surface and the Koetoi Formation. The stability of the part at a
depth of 25 m during an earthquake was improved by increasing the design strength f’ of the concrete
lining determined by the excavation analysis from 24 MPa to 40 MPa. It was also confirmed that the
stresses generated in the horizontal drifts and in all of the intersections and connections are lower than the

allowable coseismic increment in stress intensity.

0 I, S
F : eismic force
s L#.Aﬁ; f,, =40 MPa
ko r ¥ #
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i |3 § 3 g5
r F|— 180° i £ %3
500 - T | Allowable o " o=
N b stress s = w7
5 B 2 ] zo
7510 J T SRS N B PSR TR ST SO T S T ] g ]
30 20 10 0 -10 -20 < = <
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Figure 5.2.4-9 Relationship between increase in maximum principal stress and allowable
stress level

5.2.5 Disaster prevention measures

It is expected that flammable gases will be generated in the tunnels. In order to ensure safety of the
environment for investigations and operations and of personnel in the tunnels, appropriate measures and an
in-tunnel information management system were considered.
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(1) Measures against flammable gas

Past accidents were reviewed to identify the causes of gas-related fires and measures that needed to be
taken in the underground facilities were studied based on the results of flammable gas blowout analyses.
The exhaust ventilation system is used mainly to keep the atmosphere in the tunnels under negative
pressure to improve the discharge of flammable gases under normal ventilation conditions and to suppress
any flammable gas blowout when the fans are not operating. An exhaust ventilation fan was installed at the
mouth of each shaft when the Connecting Drifts between the shafts were not completed; after the
Connecting Drifts were linked, an exhaust ventilation fan was installed at the mouth of the Ventilation
Shaft. A small forced ventilation fan was also used together with the exhaust ventilation fan to maintain a

clean environment at the tunnel working face during excavation.

Factors that need to be evaluated to determine the required air flow rate include dust concentration, wind
velocity limit, controlled gas concentration, gas concentration after blasting and inhalation of workers. The
capacity of the ventilation system was determined based on the flow rate required to achieve the wind
velocity limit (wind velocity of 0.5 m s or higher will be required to prevent the formation of a gas layer).
Although there is no risk that the gas content in the air will reach the explosion limit provided there is
sufficient ventilation in the tunnels, the gas content may increase locally around the working face.
Ventilation fans, the in-tunnel communication system and electrical and safety equipment such as gas
sensors used within 30 m of the working face were therefore provided with explosion protection.

For the management of flammable gas, stationary flammable gas sensors will be installed in the tunnels
serving as the main ventilation pathways and at the working face for continuous monitoring. A power
shutdown system is also planned so that, when gas content is higher than 1.5% is detected, the system will
automatically turn off all electrical apparatus located within the range of the gas effects, except for
intrinsically safe apparatus such as sensors and communication devices. In order to check for flammable
gases in front of the working face, an advance borehole will also be drilled once every excavation cycle.

(2) Measures for securing an appropriate in-tunnel operating environment

In order to provide an appropriate in-tunnel environment in terms of temperature, humidity, wind velocity
and airflow rate in a complex tunnel layout, an analysis of the thermal environment was conducted taking
heat generation by equipment and systems and the geothermal gradient into account. It was verified that
the in-tunnel environment satisfies the requirements specified in the Ordinance on Industrial Safety and
Health. During winter, icicles and frost may cause failure of equipment and systems, impacts on the
working environment and hazards to workers. The temperature in the tunnels will therefore be kept higher
than 0°C by installing heating systems at the mouth of the tunnels.

(3) Measures against fire

Fire sources, combustible materials and the causes of fire expected for the different installations in the
underground facilities were reviewed and, assuming that fire may occur anywhere where combustible
material is present, appropriate countermeasures were formulated. In this formulation, predictions of the
area that will be affected by fire in the case of an in-tunnel accident and the ventilation control method
used for the evacuation to the ground surface were verified based on a ventilation network analysis. As a
result, it was confirmed that the dispersion range of smoke from fires in the tunnels can be reduced to a
minimum, thus securing the safety zone for evacuating to the surface, by providing adequate ventilation
control for each construction step of the underground facilities. It was also confirmed that the safety zone
for evacuation can be secured even in tunnels under excavation.
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Considering the evacuation procedure in the case of a disaster such as fire in the tunnels, measures for
preventing disorder resulting from the arbitrary actions of individuals in the tunnels as well as prioritisation
in the event of shortage in the capacity of evacuation means such as passenger kibbles and lifts should be
established. Temporary emergency shelters should be provided in the horizontal drifts to help achieve
smooth evacuation to the surface and should provide information required for the evacuation and
identification of personnel in the tunnels. The basic concept for disaster prevention cannot be fully
implemented at working faces in the shafts and horizontal drifts during excavation because they are
dead-ends. It is therefore advisable to provide temporary shelter at the working face with adequate

ventilation so that evacuation can proceed once the safety of the evacuation route has been confirmed.

(4) Ventilation behaviour model

With the aim of improving the reliability of the disaster prevention measures in the underground facilities,
a test was carried out using a model combining shafts and horizontal drifts to provide an understanding of
the complex behaviour of ventilation air during a fire in the tunnels. A laboratory model simulating the
underground facilities is shown in Figure 5.2.5-1 and an example of the test result is shown in Figure
5.2.5-2. The test on ventilation air behaviour was conducted using smoke from an incense stick as a tracer.
The behaviour of the smoke in the heated model was observed by laser. The distribution of airflow,

temperature and gas concentration in the model was also measured.

The findings of the test include an inversion phenomenon of the main airflow owing to buoyancy
generated by the fire and ventilation air behaviour occurring when the air door of horizontal drift is
opened/closed. Based on the findings, a ventilation air behaviour model will be developed and the
suitability of the current ventilation system verified by the time the shaft excavation reaches deep

subsurface and tunnel ventilation starts.
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Figure 5.2.5-1 Layout of the laboratory model
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Figure 5.2.5-2 Example of the experimental result
This result showing the upward airflow from fire against the intake flow in the shaft

5.3 Summary

5.3.1 Achievements of Phase | work

The development of engineering techniques for the deep geological environment in Phase I involved,
based on information from the surface-based investigations, preparation of the investigation and test
programme to be conducted in the underground facilities, defining the specifications and layout of the
tunnels, examining construction techniques and construction management methods required to ensure
safety and an appropriate in-tunnel environment in view of the various phenomena likely to occur during
construction and operation of the facilities and formulation of design and construction plans for the
underground facilities. More specifically, for the preliminary design of the underground facilities, a method
for determining the rock mass classification and mechanical properties of rocks with hairline cracks was
proposed in order to take into account potential rock behaviour resulting from discontinuity planes in soft
sedimentary rocks. For excavation under conditions with low rock competence, the concept of a
double-layer support structure was assumed in order to achieve effective support by sharing the released
stress (owing to excavation) between the rock and the supports and maintaining the tunnel stability
immediately after the excavation. Stability in the event of an earthquake was analysed for typical structures
in the underground facilities in order to establish a method for evaluating the seismic resistance of the
underground facilities.

In the design planning technology, a plan to excavate a deep vertical shaft using a part-face tunnelling
machine, which would be the first trial at Horonobe, was formulated. Methods for treating specified toxic
substances in the excavated rock (muck) and groundwater were formulated in view of the impact on the
surrounding environment, in accordance with various laws and regulations and based on consultation with
the responsible authorities. To ensure safety in the underground facilities, countermeasures against

flammable gases, measures for maintaining an appropriate in-tunnel environment, measures against fire
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and an in-tunnel information management system were developed. The inversion of the main airflow
owing to buoyancy generated fire and ventilation air when the air door of a horizontal tunnel is open or

closed were confirmed through laboratory experiments.

5.3.2 Remaining key issues and Phase Il work

The applicability of the preliminary design methods and construction techniques evaluated in Phase I will
be checked by applying them during actual construction in Phase II, which will enhance systematising
stepwise engineering technology for the deep geological environment. Investigations in Phase II will also
be aimed at developing advanced techniques for planning the design and construction of tunnels,
construction measures and securing safety. More specifically, techniques for computer-controlled
construction, which would allow prompt and accurate feedback of measured data obtained during
excavation into the design and construction work, will be developed systematically based on actual
construction. The deep vertical shaft sinking method using a part-face tunnelling machine will be
developed with the aim of refining it to become an established construction technique by making technical
improvements during actual construction. The advantages and disadvantages of both blasting and

mechanical excavation will be identified by analysing their differences in the EDZ generated.

Construction of the URL is a project that will attract a great deal of social attention. For the project to be
successful, risks related to safety, construction costs and the impact on the surrounding environment have
to be evaluated and adequate measures provided. In the Horonobe URL project, a risk analysis method
(decision-making basis) will be established through experience with the actual construction of the
underground facilities; for the various risks that may be encountered during construction, the associated
impact will be quantified in advance and priorities will be set for countermeasures taking into
consideration the effect on the overall project.

The achievements made in development of engineering techniques in Phase II will be combined with the
results of investigations on disposal technology being conducted concurrently as part of R&D on
geological disposal technology. The project aims to establish design and construction techniques for the

underground facilities, taking into account the restrictions assumed for operation of the actual repository.

5.3.3 Lessons learnt from Phase | work

The technical findings obtained through the investigations conducted as part of the development of
engineering techniques for the deep geological environment in Phase I are summarised below. It should be
noted again that the findings described below are presented here on the premise that their applicability will

be checked through application in actual excavation work conducted in Phase II.

The sedimentary rock of interest for the investigations in the Horonobe URL project is classified as soft
rock in terms of rock strength, but the strength and deformation characteristics of the rock are influenced
by the presence of fractures and hairline cracks. In the preliminary design of the underground facilities, the
rock properties should therefore be characterised taking the influence of these discontinuities into account.
For the design of tunnel support in an environment with a low competence factor, effective support
structures can be designed by sharing the released stress (owing to excavation) between the rock and the
support system, while maintaining tunnel stability immediately after excavation, based on the concept of a
double-layer support structure.

For efforts to reduce the impact on the surrounding environment, laboratory tests using rock samples and

groundwater chemistry analyses should be conducted and processing methods for excavated rock (muck)
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and groundwater optimised through consultation of various laws and regulations and discussions with
responsible bodies should be used. Since the inversion phenomenon of the main airflow owing to
buoyancy generated by tunnel fire and the complex air ventilation behaviour occurring when the air lock of
a horizontal tunnel is open have been confirmed by laboratory experiments, implementation of measures

against these phenomena is crucial for securing safety in the underground facilities.
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6. Assessment of the environmental impact of URL construction

The construction scale of the Horonobe URL project is smaller than that subject to the provisions of the
Environmental Impact Assessment Law (Law no.81 of 1997) and the Hokkaido Environmental Impact
Assessment Ordinance (Ordinance no.42 of 1998). Nevertheless, environmental investigations covering
the URL area were conducted voluntarily in order to identify impacts associated with surface-based
investigations and surface preparations for construction of the URL and to minimise these impacts. Impacts
on the subsurface environment in the surrounding areas associated with the construction of the
underground facilities were also investigated. This chapter describes the environmental investigations
conducted in Phase L.

6.1 Basic strategy and procedures

As described in Subsection 3.3.5, flora and fauna and water usage were investigated prior to the selection
of the URL area, i.e. in 2001, focussing on the potential URL areas (areas A, B1, B2 and C, except for the
Teshio Experimental Forest of Hokkaido University). Investigation routes and points are shown in Figure
6.1-1 and investigation items and methods in Table 6.1-1. Following the selection of the URL area,
investigations of flora and fauna, noise and vibration and water chemistry were conducted within the URL
area in the summer, autumn and winter of 2002 and spring of 2003. Considering various environmental
compartments, viz. river vegetation, windbreak, scrub and wetland vegetation, in the URL area,
investigation routes and points were selected to cover all compartments. Investigation routes and points are

shown in Figure 6.1-2 and investigation items and methods in Table 6.1-2.

—— Route: investigation of animals/plants
Point: investigation of animals/plants
Point: investigation of river water usage
Point: investigation of spring water usage
Point: investigation of well water usage
M:Mammals B: Birds A: Amphibians
R: Reptiles F: Fish Z: Zoobenthos
P: Plants all: All investigations

LN

10km ~

2 —
Base map is part of the 1:200,000 dlgltal map issued by the Geographlcal Survey Institute.

Figure 6.1-1 Locations of environmental investigations in the potential URL areas in 2001
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Table 6.1-1 Items and methods of environmental investigations in the potential URL areas in 2001

ltems Timing Methods
Mammals Summer — Autumn 2001 Harvest, Field sign
Birds Summer — Autumn — Winter 2001 Direct observation, Field sign,

Fixed-point census (daytime/night-time)

Animals | Amphibians/Reptiles | Summer 2001 Direct observation
Fish Summer — Autumn 2001 Direct observation, Harvest
Insects Summer 2001 Direct observation, Collection
Zoobenthos Summer — Autumn 2001 Direct observation, Collection
Plants Flora/Plant community | Summer — Autumn 2001 Direct observation

River/well water usage

Summer — Autumn 2001

Interview, River flow/level measurement,
Well water flow/level measurement

B Point: investigation of nose/vibration
@ Foint: investigation of water quality
animals/plants
{ Route: investigation of animals
Area: monitoring of animals/plants

| 0 1 2km
/ -

*Horunohe \] i. .. -

Iq\ Fi

S X . o e gt

- == ToA p ™

2003 FinanciaIYear-\ L'—J . | = 5=

:‘:3‘ k B Vi & @
Pl N

W Point: investigation of noise/vibration
@ Point: investigation of water quality,
I.." animals/plants
Route: investigation of animals
<2 Area intensive investigations
2km

; 06 /
{Haonobe \'\ s \# A ;-' g ]

Base map is part of the 1:25,000 topographical map (Horonobe, Honryu) published by the Geographical Survey Institute.
Figure 6.1-2 Locations of environmental investigations in the URL area in 2002—2003

Table 6.1-2 Items and methods of environmental investigations in the URL area in 2002—2003

Items Timing Methods
Mammals Summer — Autumn — Winter 2002, | ry; o observation, Harvest, Field sign
Spring 2003
. Summer — Autumn — Winter 2002, | Field sign, Fixed-point census
Birds . .
Spring 2003 Line census
Animals Amphibians/Reptiles Summer 2002, Spring 2003 Direct observation
: Summer — Autumn 2002, . .
Fish Spring 2003 Direct observation, Harvest
Insects Summer — Autumn 2002, Direct observation, Collection
Spring 2003
Zoobenthos Autumn 2002, Spring 2003 Direct observation, Collection
Plants Flora/Plant community | Summer 2002 Direct observation, Quadrat
In accordance with ‘Regulatory Standards for Noise
Noise Auturmin 2002 Emitted from Specified Construction Work’ (Public
Notice of the Ministry of Welfare and Ministry of
Construction no.1 of 1968) and Environment Agency”
In accordance with ‘Ordinance for Enforcement of the
Vibration Autumn 2002 Vibration Regulation Law’ (Ordinance of the Prime

Minister’s Office no.58 of 1976)

Summer — Autumn 2002,

Water chemistry Spring 2003

In accordance with ‘Environmental Quality Standards
for Water Pollution’ (Environment Agency Notification
no.59 of 1971)
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Based on the results of these investigations, animals and plants, the effectiveness of conservation measures,
noise and vibration and water chemistry were monitored after the start of surface preparations for
construction of the URL in the summer of 2003. The monitoring areas and points are shown in Figure 6.1-3.
Preliminary investigations focussing on groundwater were conducted to evaluate the regional impact
associated with the construction of the underground facilities. For the hydrochemical characterisation of
surface water, a chemical analysis was carried out on precipitation and sampled river water in combination
with the shallow subsurface hydrological investigations conducted on a regular basis throughout the year.
Surface water was also collected from the entire Horonobe Town area to determine the distribution of the
H and O isotopic ratios. In addition, water pressure and temperature were also continuously monitored

using the long-term monitoring systems installed in the boreholes.

)

K- - - ., :
e Dev&q@nanlamm S T
LY v E ol el

£ A M e L L
: B Point: investigation of noise/vibration
@ Puoint: investigation of water quality

| Area: investigation of fish
A Point: investigation of plant community
C 33 Area: intensive investigations
0 05 10km

Base map is part of the 1:25,000 topographical map (Horonobe, Honryu) published by the Geographical Survey Institute.
Figure 6.1-3 Locations of monitoring in and around the URL site in 2003—2005

6.2 Environmental assessment 2001 — 2003

(1) Animals and plants

In the regional investigation of animals and plants conducted in 2001, a total of 36 species were identified
as key species (Table 6.2-1). Of these species, the endangered or vulnerable species identified are listed in
Table 6.2-2. It should be noted that species for which habitats could not be identified are not included in
this table, even though they might be listed as key species in the literature® *. The number of key species
identified in each area was essentially the same, i.e. 17 species in area A, 16 species in area B1 and 17
species in area B2. Looking at the investigation items in detail, the number of zoobenthos that inhabit
stagnant water is high and birds that prey on fish in reservoirs and migratory birds such as geese were
observed mainly in area A, while areas Bl and B2 are characterised by fish that inhabit small rivers,
resident birds and key species related to mountainous land.

Investigations in the URL area in the summer, autumn and winter of 2002 identified a total of 19 key
species and those in spring 2003 identified also a total of 19 key species, as shown in Table 6.2-1. Of the
animals and plants identified above, those specified as threatened species by law and the list published by
the Ministry of the Environment are identified as key species, as shown in Table 6.2-3.
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Table 6.2-1 Key species identified through the environmental investigations

Taxon Investigation Investigation Total numbe.r. of identi.fied Number.of key
year area orders/families/species species
2001 Potential URL areas 6/9/17 4
Mammals 2002 URL area 4/5/10 0
2003 URL area 5/6/6 0
2001 Potential URL areas 15/32/76 13
Birds 2002 URL area 7/18/42 5
2003 URL area 8/17/33 3
2001 Potential URL areas 4/4/4 1
Amphibians/Reptiles 2002 URL area 2/2/2 1
2003 URL area 2/2/2 1
2001 Potential URL areas 6/7/16 6
Fish 2002 URL area 4/5/8 5
2003 URL area 5/5/7 5
2001 Potential URL areas 12/100/325 5
Insects 2002 URL area 10/64/255 2
2003 URL area 6/20/43 2
2001 Potential URL areas 18/54/86 5
Zoobenthos 2002 URL area 11/19/21 1
2003 URL area 12/23/27 2
2001 Potential URL areas -/78/318 2
Plants 2002 URL area - 156/171 5
2003 URL area - /58/214 6

Table 6.2-1 Endangered or vulnerable species identified in the potential URL areas in 2001

Basis of selection

Taxon Scientific name (English name)
a b c d e f g

Accipiter gentilis (Northern Goshawk) + VU Wu
Haliaeetus pelagicus (Steller’s Sea Eagle) + VU En
Haliaeetus albicilla (White-tailed Eagle) + EN En

Birds Circus spilonotus (Eastern Marsh Harrier) VU En
Accipiter nisus (Sparrowhawk) NT Wu
Anser fabalis (Bean Goose) + VU R
Pandion haliaetus (Osprey) NT Wu

Fish Lefua nikkonis (Hokkaido’s Eight-barbell Loach) VU R
Lethenteron reissneri (Far Eastern Brook Lamprey) VU
Margatritifera laevis (Freshwater Pearl Mussel) VU

Zoobenthos
Radix auricularia japonica (Japanese Big-ear Radix) VU

Plants Viola kamtschadalorum (‘Kamchatka/Sakhalin native Viola’) \{§)

. Law for the Protection of Cultural Properties (Law no.214 of 1950); +: Natural monument
: Law for the Conservation of Endangered Species of Wild Fauna and Flora (Law no.75 of 1992); +: National Endangered
Species of Wild Fauna and Flora
: Environment Agency (Ed.)‘”; EX: Extinct, EW: Extinct in the Wild, CR: Critically Endangered, EN: Endangered, VU:
Vulnerable, NT: Near Threatened, DD: Data Deficient, LP: Locally Threatened Population
. Environment Agency‘r’)’”; EX: Extinct, EW: Extinct in the Wild, CR: Critically Endangered, EN: Endangered, VU: Vulnerable,
NT: Near Threatened, DD: Data Deficient, LP: Locally Threatened Population
: Hokkaido Prefectural Government®; Ex: Extinct, Ew: Extinct in the Wild, Cr: Critically Endangered, En: Endangered, Vu:

Vulnerable, R: Rare, LP: Locally Threatened Population, N: Noteworthy

. Fisheries Agency (Ed.)g’; E: Endangered, V: Vulnerable, R: Rare, D: Decreased
. Environment Agency (Ed.)m); EX: Extinct, EW: Extinct in the Wild, CR: Critically Endangered, EN: Endangered, VU:
Vulnerable, NT: Near Threatened, DD: Data Deficient, LP: Locally Threatened Population
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Table 6.2-3 Threatened species identified in the URL area in 2002-2003

Basis of selection

Taxon Scientific name (English name)
a b ¢ d e f g

Anser fabalis (Bean Goose) + VU R
Haliaeetus albicilla (White-tailed Eagle) + + EN En M R

Birds Accipiter gentilis (Northern Goshawk) + VU Wu R
Accipiter nisus (Sparrowhawk) NT Vu M
Circus spilonotus (Eastern Marsh Harrier) VU Vu R
Gallinago hardwickii (Japanese Snipe) NT R M

Amphibians Hynobius retardatus (Hokkaido’s Salamander) N M
Aphrophora brevis (‘Species of Froghoppers’) R

Insects Damaster gehinii gehinii (Hokkaido’s Damaster Ground Beetle) M S
Gyrinus japonicas (Japanese Whirligig Beetle) R
Lethenteron reissneri (Far Eastern Brook Lamprey) VU R
Oncorhynchus masou masou (Seema) N D

Fish Lefua nikkonis (Hokkaido’s Eight-barbell Loach) VU En
Pungitius tymensis (Short-spined Ninespine Stickleback) NT R R
Cottus nozawae (Wrinklehead Sculpin) N

Zoobentho Margaritifera laevis (Freshwater Pearl Mussel) VU

S Somatochlora japonica (‘Species of Japanese Dragonflies’) E
Rumex longifolius (Dooryard Dock) VU
Stellaria radians (‘Species of Hokkaido’s Chickweed’) \%
Viola kamtschadalorum (‘Kamchatka/Sakhalin native Viola’) VU

Plants Veronica americana (American Brooklime) \Y,
Torreyochloa viridis (‘Species of Manna Grass’) R
Sparganium glomeratum (Clustered Bur-reed) VU
Platanthera chorisiana (Chimissso’s Orchid) VU

a: Law for the Protection of Cultural Properties (Law no.214 of 1950); +: Natural monument

b: Law for the Conservation of Endangered Species of Wild Fauna and Flora (Law no.75 of 1992); +: National endangered
species of wild fauna and flora

c: Environment Agency (Ed.) ™%, Ministry of the Environment (Ed.)"™™"¥; EX: Extinct, EW: Extinct in the wild, CR: Critically
endangered, EN: Endangered, VU: Vulnerable, NT: Near Threatened, DD: Data deficient, LP: Locally threatened population

d: Hokkaido Prefectural Government®; Ex: Extinct, Ew: Extinct in the wild, Cr: Critically endangered, En: Endangered, Vu:
Vulnerable, R: Rare, LP: Locally threatened population, N: Noteworthy

e: Fisheries Agency (Ed.)”; E: Endangered, V: Vulnerable, R: Rare, D: Decreased

f: Environment Agency™; M: Main wild animals, V: Valuable plants, E: Excellent nature

g: Environment Agency15’; R: Rare species, I: Investigated species, S: Specified insects

The passage of birds such as the Sparrowhawk, Eastern Marsh Harrier, White-tailed Eagle and Northern
Goshawk was confirmed, while the inhabitation of amphibian/reptile such as Hokkaido’s Salamander, fish
such as Seema and Short-spined Ninespine Stickleback, zoobenthos such as Freshwater Pearl Mussel and
insects such as Aphrophora brevis (‘species of Froghoppers’), Hokkaido’s Damaster Ground Beetle and
Japanese Whirligig Beetle was confirmed. In addition, plants such as Dooryard Dock and Torreyochloa

viridis (‘species of Manna Grass’) were identified.

Based on the results of the investigations prior to the start of surface preparations for construction of the
URL, animals and plants that are likely to be affected in the surrounding environment and their habitats
were selected for providing conservation measures aimed at mitigating these impacts. Considering that
their presence was confirmed in areas where an impact of construction can be expected and taking into
account the opinions of experts, conservation measures were taken for two species, viz. the Hokkaido’s
Salamander and Torreyochloa viridis (‘species of Manna Grass’).
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For the salamander, in order to reduce the impact on its habitat resulting from the changes in the quantity
of water, egg masses were collected and relocated to a natural spawning site similar to the original habitat
in early May 2003. For Torreyochloa viridis, in order to compensate for loss of habitat owing to partial
reclamation of rivers, it was moved to a habitat with a similar environment to that of the original one in
early October 2003 prior to its dormant period. These conservation measures will be confirmed by
periodical monitoring.

The conclusion of the investigations and interviews with experts were that the environment around the area
to be developed (i.e. the URL site) had already undergone artificial alteration; no unique species were
identified which cannot inhabit other areas and the impacts associated with the surface-based
investigations and surface preparations on the environment was negligible, although conservation measures
may be necessary in some areas.

(2) Noise and vibration

Noise and vibration were measured at three points around the URL site in 2002 in order to obtain data to
serve as a baseline level before the start of the construction work. The measurement points are shown in
Figure 6.1-2. The noise and vibration levels were about 40—50 dB and 30—40 dB respectively.

(3) Surface water chemistry

Investigation of water usage in Horonobe Town conducted in 2001 found that groundwater is used as a
public water source, in private homes and offices in coastal areas (in the Shimonuma, Hamasato,
Azahoronobe and central Horonobe districts; see Appendix 2), and surface water is used as a public water
source in mountain areas (in the Hokushin, Kamihoronobe, Kaishin, Yukou, Toikanbetsu, Nakatoikan and
Kamitoikan districts). No groundwater (well water) is used in the Yukou, Toikanbetsu, Nakatoikan and
Kamitoikan districts, based on interviews with staff in the Horonobe Town office.

In order to acquire baseline data, river water was sampled in 2002 and 2003 from two points, i.e. upstream
and downstream, in the Shimizu River (Figure 6.1-2), into which precipitation drained from the proposed
URL site will be released, and river water chemistry was determined. The major analytical items include
pH, suspended solid (SS), dissolved oxygen (DO) and biochemical oxygen demand (BOD). The results
were pH = 6.7-6.9, SS =2-10 mg "', DO = 8.4-10.4 mg I"" and BOD = 0.6-0.9.

For hydrochemical characterisation of surface water in the region, a chemical analysis was made of
precipitation and sampled river water since 2002 in combination with the shallow subsurface hydrological
investigations conducted regularly throughout the year (see Subsection 4.2.3). River water chemistry at
point P-3 located downstream of the Shimizu River shows a periodic seasonal variation in which the
concentration of dissolved ions in the river water increases in winter and decreases in summer (Figure
6.2-1). This trend is due to the fact that the amount of precipitation flowing into the river decreases because
of snow cover and freezing in winter and hence the relative concentration of the dissolved ions increases.
In addition, the concentration of dissolved ions such as Na" and CI" may increase with the effect of salt
particles brought by wind blowing from the Japan Sea to inland, which is the prevailing wind direction in
winter owing to monsoon activity. Another reason might be the seasonal temperature change observed in
this area, because the concentration of dissolved ions depends on the solubility of the solute in question.
These factors will be analysed through surface hydrochemical investigations. For the river water chemistry
in this area, the background data was obtained because no notable changes in the concentration of
dissolved ions that span two years were observed in spite of seasonal variation.
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Monitoring will be continued to confirm that the construction of the underground facilities will not affect

the chemistry of river water and groundwater in and around the URL site.
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Figure 6.2-1 River water chemistry at point P-3 of the Shimizu River

(4) Groundwater level and pressure

Water pressure and temperature have been continuously monitored with long-term monitoring systems
installed in boreholes to determine any hydraulic changes associated with the construction of the
underground facilities (see Subsection 4.2.3). Water level and soil moisture in the shallow subsurface,
which are assumed to be correlated with vegetation, have also been monitored (see Subsection 4.2.2).

Long-term monitoring systems are installed in boreholes HDB-1 to HDB-11 except HDB-4 and HDB-5 to
monitor the water pressure prior to the construction of the underground facilities. Figure 6.2-2 shows the
result of monitoring water pressure in borehole HDB-7. Although the start of the monitoring differs
depending on the borehole, stable values are observed in most of the monitoring intervals over about half a
year. However, long-term variations in the water pressure were observed in some monitoring intervals.
Long-term monitoring of the water pressure conducted to date prior to the construction of the underground
facilities showed no evidence demonstrating that specific external factors, for example, human activities
such as borehole investigations and natural phenomena such as earthquakes, had caused impacts on the
water pressure in the monitoring interval. Monitoring will be continued in the boreholes to confirm the
impact on the groundwater regime around the URL site.
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Figure 6.2-2 Hydraulic pressure monitored at 45.55 mbgl in borehole HDB-7
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6.3 Environmental monitoring 2003 — 2005

Since summer 2003, after the start of the construction work at the URL site, monitoring of animals and
plants, effectiveness of conservation measures, noise and vibration and water chemistry has continued
(Figure 6.1-3). The results of the monitoring from the start of surface preparations until the start of the
construction of the underground facilities (in early November 2005) are described below.

(1) Animals and plants
Seven species of fish were identified from the monitoring conducted in 2005. Of these, those listed by law

8),9)13)-15)

as threatened species are shown as key species in Table 6.3-1. It is concluded from these results

that the habitats of the fish are preserved even after the start of the construction work.

Table 6.3-1 Confirmed threatened wildlife (fish) in and around the URL site in 2004

Basis of selection

Scientific name (English name)
a b c d e f g

Lethenteron reissneri (Far Eastern Brook Lamprey) VU R
Oncorhynchus masou masou (Seema) N*  D** +
Tribolodon ezoe (Hokkaido’s Rosyface Dace) N +
Punagitius tymensis (Short-spined Ninespine Stickleback) NT R +
Cottus nozawae (Wrinklehead Sculpin) N +

a: Law for the Protection of Cultural Properties (Law no.214 of 1950); +: Natural monument

b: Law for the Conservation of Endangered Species of Wild Fauna and Flora (Law no.75 of 1992); +: National endangered
species of wild fauna and flora

c: Ministry of the Environment (Ed.)13); EX: Extinct, EW: Extinct in the wild, CR: Critically endangered, EN: Endangered, VU:
Vulnerable, NT: Near Threatened, DD: Data deficient, LP: Locally threatened population

d: Hokkaido Prefectural Government®; Ex: Extinct, Ew: Extinct in the wild, Cr: Critically endangered, En: Endangered, Vu:
Vulnerable, R: Rare, LP: Locally threatened population, N: Noteworthy

e: Fisheries Agency (Ed.)g); E: Endangered, V: Vulnerable, R: Rare, D: Decreased

f.  Environment Agency'; +: Investigated species

g: Environment Agency™; +: Investigated species

*Fresh-water Seema only, **Cherry Salmon only

Regarding plant communities, the composition of species was almost unchanged compared to that prior to
the start of surface preparations for construction of the URL. It was concluded from these results that there
was no impact on plants, including alteration of habitats, and the vegetation environment prior to the start

of construction work will be preserved on the basis of advice from experts.

Concerning the vegetation state of Torreyochloa viridis that is subject to conservation measures, planting in
the transplanted area and similar growth to native plants in the habitat after transplantation were confirmed.
A number of flowering species were also identified. The selected transplantation area thus proved to be
suitable. In addition, a follow-up survey conducted after transplantation in 2003 confirmed that the eggs of
the Hokkaido Salamander had hatched without any problems. Overall, the conservation measures were
therefore appropriate. Monitoring will be continued in the URL area on a regular basis.

(2) Noise and vibration

The noise monitored in the URL site after the start of the construction work was lower than the criteria
(85 dB) specified in the “Regulatory Standards for Noise Emitted from Specified Construction Work”
(Public Notice of the Ministry of Welfare and Ministry of Construction no.1 of 1968), which is used as a

reference for percentile noise level. The equivalent continuous A-weighted sound pressure level was also
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lower than the criteria (daytime 60 dB and night-time 50 dB in area C; daytime 65 dB and night-time
55 dB in area C facing a road with one or more lanes) defined in the “Environmental Quality Standards for
Noise” (Environment Agency Notification no.64 of 1998).

The vibration monitored at the boundary of the URL site and the vibration level by the roadside were lower
than the criteria (75 dB at the boundary; daytime 70 dB and night-time 65 dB by the roadside) defined in
the “Ordinance for Enforcement of the Vibration Regulation Law” (Ordinance of the Prime Minister’s
Office no.58 of 1976).

These results show that the measures taken have been to date appropriate for minimising the impact on the
environment in terms of noise and vibration during construction in the URL area. The measurement of

noise and vibration in the URL area will be continued on a regular basis.

(3) Surface water chemistry

Some seasonal changes in pH, SS, DO and BOD were observed, but no rapid drastic changes in water
chemistry that could be attributed to the construction work in the URL area were identified. This
demonstrates that the measures taken have been to date appropriate for minimising the impact on river
environments during construction in the URL area. The measurement of river water chemistry will be

continued for the Shimizu River on a regular basis.

6.4 Summary

In the Horonobe URL project, environmental investigations prior to the start of surface preparations for
construction of the URL and continuous monitoring after the start of the construction of the underground
facilities were conducted over the entire URL area to identify and minimise any impacts on the surface and
subsurface environment.

The investigations before the start of the construction work provided baseline information on animals and
plants, vibration and noise, surface water chemistry and groundwater level and pressure. Animal and plant
species likely to be affected (Hokkaido’s Salamander and Torreyochloa viridis) were identified for a
programme of conservation measures aiming at mitigating the impact.

Monitoring after the start of construction of the underground facilities indicated that no animals and plants,
noise and vibration or surface water chemistry had been affected by the construction until the year 2005.
This means that appropriate measures have been taken to minimise the impact on the surrounding
environment. The conservation measures taken for animals and plants are also considered to be appropriate
because both flora and fauna were confirmed to be in excellent condition.

The monitoring of animals and plants, noise and vibration and surface water chemistry in the URL area
will continue on a regular basis with input from academic experts. The monitoring of chemistry, level and
pressure of groundwater will also continue to identify any impact on the groundwater regime associated
with the construction of the underground facilities.
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7. Conclusions and future perspectives

The Horonobe URL project was initiated in March 2001 and is one of two deep URL projects defined in
the Long-Term Program on Research, Development and Utilization of Nuclear Energy and the Framework
for Nuclear Energy Policy in Japan. It is a comprehensive R&D project aimed at studying the deep
geological environment within a sedimentary formation. The primary aims of the R&D programme are to
enhance understanding of the deep geological environment and to establish a sound basis for techniques
for systematically characterising the deep geological environment and engineering technologies for use in
the deep subsurface. This is done by applying various technologies relevant to geological disposal to an
actual geological environment, based on a stepwise investigation approach. In July 2002, the URL area
where the surface-based investigations were to be focussed was selected in the Hokushin district in
Horonobe Town. In March 2003, the site within the URL area for constructing the underground and surface
facilities was acquired. The Phase I surface-based investigations were conducted in and around the URL
area and were completed at the end of March 2006.

This report presents the achievements of the surface-based investigations carried out over around five years
as part of the geoscientific research in Phase I of the Horonobe URL project. The main accomplishments
and lessons learnt from conducting the geoscientific research in Phase I and recommendations for the
Phase II programme are summarised below.

(1) Selection process for the URL area and site

The selection of the URL area and site in Horonobe Town was a practical example of a stepwise selection
process first of an investigation area and then of a site within this area for URL construction. In this project,
the potential URL areas were first selected based on an evaluation of existing information and, from these
areas, the candidate URL area was then selected based on the results of aerial and ground reconnaissance
surveys conducted at the regional scale. For the selection of the URL area, requirements relating to
geological environment criteria (i.e. the presence of a suitable rock formation and groundwater) and safety
factors for construction of the URL were taken into account. The URL site was selected based on the
results of borehole investigations and the social and environmental conditions (e.g. land use, infrastructure

and regulatory procedures).

For the screening and selection of investigation areas in a stepwise manner, the basic strategy and resulting
requirements in each stage had to be clearly defined, as the basis for drawing up specific investigation
programmes commensurate with the progress in the selection process. In addition to technical requirements,
social and environmental constraints and/or requirements to be considered were listed in a comprehensive
manner and priorities for comparing and evaluating candidate areas were clearly stated. From the
viewpoint of ease of execution of surface-based investigations and construction of the underground
facilities, topography and social and environmental conditions such as land use and infrastructure were

taken into account.

(2) Characterisation of the geological environment from the surface

Starting with existing information, ground exploration and borehole investigations were carried out
focussing on the Neogene sedimentary formations and saline groundwater, in the region of Horonobe Town
in two investigation stages: investigations covering the whole area of Horonobe Town and investigations in
and around the URL area. Most of the properties of the geological environment and processes involved
(e.g. distribution of discontinuities, groundwater flow, erosion/sedimentation and mechanical/thermal
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properties) which would be of relevance for geological disposal could be generally understood through
interpretation of the individual investigation results and an integrating conceptualisation and associated
modelling of the geological environment. Systematic techniques were developed stepwise for
investigations from the surface focussed on three key aspects for the assessment of the safety of the
geological disposal system: solute transport/retardation, future evolution of the geological environment and
perturbations induced by construction of the underground facilities. Issues such as limited information and
level of QC in some of the investigations were addressed.

Since the sedimentary rocks of interest for the investigations contain oil and natural gas, in addition to
saline groundwater, expertise relating to the applicability of key investigation techniques for these
conditions was accumulated. At the same time, the applicability of long-term monitoring equipment was
also evaluated in such geological conditions.

For more effective understanding of the deep geological environment, properties and processes which need
to be investigated and evaluated should be specified and prioritised and, based on this prioritisation,
investigation programmes should be formulated. For effective implementation of the investigation
programmes, it is of particular importance to implement an effective organisational scheme and build-up
the respective teams and to develop an appropriate QA system which is applicable to all aspects of the

investigation process.

(3) Development of engineering techniques for application deep underground

Taking into account that the rocks of interest have a low competence factor and contain flammable gases,
specifications and layouts were determined and the design and construction plans for the underground
facilities were formulated for ensuring safe construction and maintenance of the underground facilities, as
well as providing a suitable in-tunnel environment for investigations. In particular, disaster prevention
measures required in the underground facilities were examined from various standpoints (e.g. measures
against flammable gases and fire and development of an in-tunnel information management system). For
excavated rock and groundwater, appropriate treatment and processing methods were established

considering the impact on the surrounding environment.

The design and construction programme for the underground facilities in gas-bearing sedimentary
formations (soft rock) can be based on current, applied engineering techniques. However, the applicability
of new preliminary design techniques for the underground facilities (e.g. effective design of tunnel
supports and a method for seismic resistance analysis of the underground facilities) need to be checked
during actual construction of the underground facilities in Phase II.

(4) Assessment of the impact of URL construction on the surrounding environment

Although there was no legal requirement, it was decided to conduct regional environmental investigations
voluntarily in parallel with the selection of the URL area. After the URL area had been selected,
environmental impact assessments were also carried out within the URL area itself to determine the impact
on the surface and subsurface environment associated with the URL construction and to define measures
required to reduce this impact. Since no impact resulting from the construction work at the URL site or
from construction of the underground facilities was observed on the environment, animals and plants at the
end of March 2006, the measures that were taken to minimise the impact on the surrounding environment
were considered to be appropriate.
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The two goals for Phase I, viz. i) development of conceptual models of the geological environment and
enhancing understanding of the undisturbed deep geological environment before tunnel excavation and ii)
detailed design of the underground facilities and formulation of a construction plan, were successfully
achieved. Various issues, however, still remain, ranging from further improving the reliability of
techniques and interpretation of data to optimising approaches/strategies and management methods for
surface-based investigations as a whole. Of these, further enhancing the reliability of systematic
characterisation techniques from the surface and understanding of groundwater flow and chemistry and
solute transport in the environment at the saline —fresh water interface are of particular technical
significance. It is important to refine the methodologies through iteration for understanding the geological
environment in accordance with the stepwise progress of the project, at the same time integrating
know-how and experience (including failures) accumulated during the course of the project as a knowledge
database. In addition, based on the achievements from other research organisations, surface-based
investigation techniques can be further improved to reinforce the technical basis for implementation and
the formulation of safety regulations. Characterisation of the coastal geological environment was one of
the subjects assigned at the beginning of the Horonobe URL project and since the development of
systematic characterisation techniques for the coastal zone is indispensable in Japan’s geological disposal

programme, efforts should be made to accomplish this task in future investigations of the project.

Phase II of the project, which involves carrying out investigations during tunnel excavation (construction
of the underground facilities), was started in 2005 and, at the time of writing (March 2007), excavation had
reached the upper part of the sedimentary formation to be characterised in both the East Shaft (about 40 m
depth) and the Ventilation Shaft (about 50 m depth). In parallel with constructing the underground facilities
and considering safety and environmental preservation, basic strategies and detailed programmes for the
investigations in Phase II will be formulated as soon as possible, to allow the geoscientific research and
R&D on geological disposal technologies to be closely coordinated and driven efficiently. The issues that
remained unresolved in Phase I will be addressed in the course of the Phase II programme. Based on
information obtained during tunnel excavation, the depth of understanding of the properties of the
geological environment and the processes involved, which are relevant for geological disposal will be
increased, and confidence in the geological environment models and the predicted evolution of geological
environment based on the Phase I investigations will be enhanced, allowing the reliability of the systematic
techniques for characterising the geological environment from the surface to be checked. With regard to
development of engineering technologies for use in the deep underground, the applicability of the design
methods and construction techniques from Phase I will be confirmed through the actual construction of
underground facilities in Phase II. Development of advanced techniques for formulating the design and
construction plans for the underground facilities, construction measures and measures for ensuring safety
will also be promoted. The results of these investigations will be integrated to form the technical basis that
supports both repository implementation and the formulation of safety regulations, with a view to the

selection of detailed investigation areas scheduled in the mid 2010s.

As a core R&D organisation, JAEA will implement the two deep URL projects at Horonobe and Mizunami,
as well as key R&D using experimental facilities (ENTRY and QUALITY) at Tokai. The results of R&D
will be published widely, facilities will be open to the public and JAEA will collaborate in R&D activities
of relevant organisations and universities both domestically and internationally in a bid to contribute to the
success of Japan’s geological disposal programme and to promote public understanding of geological

disposal.
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The achievements presented in this report have been made possible by support from Hokkaido Prefecture
and Horonobe Town, as well as from many domestic and international researchers and research
organisations. In particular, the Swiss National Cooperative for the Disposal of Radioactive Waste (Nagra)
has provided useful technical input to this project and reviews and suggestions for improving this report.
JAEA would like to thank all those involved for their assistance and to ask for their continuous support and
guidance.
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Omagari Fault in and around the URL area

Methods Period Main aims Contents/Overview ‘ Results
@ . Survey covering areas A, B1 and B2 except for the Teshio Experimental
>
) GE) i Sy AU 25 Forest of Hokkaido University, using a helicopter-towed EM sensor
o 2 Confirmation of the distribution and extent of rock formations and of Survey covering areas A. B1 and B2 excent for the Teshio Experimental The survey results supported the understanding of the distribution of rock
< = | Magnetic survey Jun 2001 geological structures covering the whole area of Horonobe Town, which y 9 e . P p formations based on existing information. Additional information about the
I '@ - - B . Forest of Hokkaido University, using a helicopter-towed magnetometer PR ’ g
o -2 were estimated on the basis of existing information distribution of the Horonobe and Omagari Faults was not obtained.
< _g. Radiometric surve Jun 2001 Survey covering areas A, B1 and B2 except for the Teshio Experimental
S y Forest of Hokkaido University, using an Nal detector on helicopter
N P . The survey results supported the understanding of the distribution of rock
MT survey Jul — Oct 2001 Charagterlsatlon of the d'St.”bUtlon and extent of rock formations and of Survey down to about 3,000 m depth in the Horonobe Town formations based on existing information. Additional information about the
geological structures covering the whole area of Horonobe Town S ; .
distribution of the Horonobe and Omagari Faults was not obtained.
Reflection seismic survey Aug 2002 Characterisation of the distribution (location) and geometry of the Survey down to about 2,000 m depth in and around the URL area The location of the Omagari Fault was not identified as most reflectors were

ambiguous.

AMT survey

Sep — Oct 2003

Characterisation of the distribution (location) and geometry of the
Omagari Fault in and around the URL area

Survey down to about 1,000 m depth around the estimated location of
the Omagari Fault

Higher resistivity zones showing a flower structure were identified, indicating the
distribution and geometry of the Omagari Fault.

Checking of the feasibility and applicability of the VSP technique for

The VSP results were not consistent with those obtained by the reflection seismic

Geological surveys

Oct — Nov 2003
Oct — Nov 2004

Characterisation of the distribution and extent of rock formations in and
around the URL area

URL area with the associated laboratory programme (analyses of
mineral compositions and microfossils and porosity determination)

[
>
[]
P
S
(2]
©
g Multi-offset VSP survey Nov 2004 characterising moderately to steeply dipping sedimentary formations in | Survey conducted in boreholes HDB-6 and HDB-8 survey in the CDP mapping, suggesting that the VSP technique would not be
2 and around the URL area applicable to sedimentary formations with varying dip angles.
§ Hiah resolution reflection Checking of the feasibility and applicability of the high resolution Survey down to about 1,000 m depth around the estimated location of | The continuity of reflectors and the resolution were not enhanced considerably,
= gh r Dec 2004 reflection seismic technique for identifying changes in the petrophysical |the Omagari Fault with an increase in the density of shot/receiver points | suggesting the difficulty in applying the reflection seismic technique in an area with
o | seismic survey - : - . . . e . ; -
= properties of sedimentary formations in and around the URL area compared with the reflection seismic survey conducted in 2002 homogeneous petrophysical properties.
o . . . . . . N . . .
5 | Gravity survey Dec 2004 Characto‘erlsatlo.n of the distribution (location) and geometry of the Survey around the estimated location of the Omagari Fault An anomaly of gravity was observed at the estimated location of the Omagari
Omagari Fault in and around the URL area Fault.
. Checking of the feasibility and applicability of the electrical technique for | Survey down to about 250 m depth around the estimated location of the | Resistivity was found to increase with depth around the estimated location of the
Electrical survey Jun 2005 S NP ) . . ] } S ;
estimating the infiltration of meteoric water in and around the URL area | Omagari Fault Omagari Fault, suggesting the infiltration of meteoric water to depth.
Ground penetrating radar Characterisation of the distribution (location) and geometry of the Survey of the terrace deposits around the estimated location of the A structure concordant with the strike direction of the fault associated with the
Oct 2005 - ; : ’
survey Omagari Fault in and around the URL area Omagari Fault Omagari Fault was observed.
Characterisation of the distribution and extent of rock formations and of Az el SRy 1 Horonope Ve el e assomated_ EIEDEiy " The survey results were consistent with existing information. Additional information
Jul — Aug 2001 ; . programme (analyses of mineral and whole rock chemical compositions, e - 3
geological structures covering the whole area of Horonobe Town . . - - about the distribution of the Horonobe and Omagari Faults was not obtained.
. . microfossils and palaeomagnetism and FT dating)
Geological mapping : : = : — =
Oct 2002 Field survey involving shallow borehole investigations in and around the

The survey results (particularly on the distribution of Masuporo, Wakkanai, Koetoi,
Yuchi and Sarabetsu Formations) were consistent with those obtained in 2001.

Geological observation of the
Omagari Fault outcrop

Oct 2004

Characterisation of the geometry and geological properties of the
Omagari Fault in and around the URL area

Description of the geometry and geological properties of the Omagari
Fault

A fault plane along the boundary between the Wakkanai and Koetoi Formations
and minor faults around the fault plane with 120 m wide were observed.

Geological observation of
stripped horizontal outcrop

Jun 2005

Characterisation of the distribution, geometry and geological properties
of minor faults

Description of the distribution, geometry and geological properties of
minor faults

Fault zones were found to be formed by the distribution of minor faults at a high
angle to the bedding plane densely together en echelon.

Gas measurement

Nov 2002 ~ ongoing

Identification of the location of the Omagari Fault

Measurement of CH, and CO; concentrations immediately above the
groundwater surface in shallow boreholes around the estimated location
of the Omagari Fault

CO; concentrations near the estimated location of the Omagari Fault (> a few
thousand ppm) were found to be much higher than those in the area away from the
estimated fault location (< a few hundred ppm).

Shallow subsurface
hydrological/hydrochemical investigations

River flux measurement

Oct 2002 ~ ongoing

Acquisition of river flux data for calculating a groundwater recharge rate
by the hydrological balance method

Automatic monitoring of river water levels using a pressure gauge or
manual measurement of river flux using a current meter at three points in
the URL area

The height of runoff was calculated for the P-1, P-2 and P-3 drainage basins in the
period of Aug 2003 to Jul 2004 (about 970 mm, 1,220 mm and 860 mm
respectively) and for the P-3, P-4 and P-5 drainage basins in the period of Dec
2004 to Nov 2005 (about 810 mm, 800 mm and 1,070 mm respectively).

River water chemistry
measurement

Jul 2003 ~ ongoing

Characterisation of the baseline chemistry of river water

River water sampling once a month at three points in the URL area

The seasonal changes of river water chemistry were observed almost every year,
suggesting that the baseline chemistry of river water was understood.

Precipitation measurement

Aug 2003 ~ ongoing

Acquisition of precipitation data for calculating a groundwater recharge
rate by the hydrological balance method

Monitoring of precipitation at four meteorological stations in Horonobe
Town

The annual precipitation was determined for the periods of Aug 2003 to Jul 2004
(about 1,620 mm) and of Dec 2004 to Nov 2005 (about 1,375 mm).

Estimation of
evapotranspiration

Aug 2003 ~ ongoing

Acquisition of evapotranspiration data for calculating a groundwater
recharge rate by the hydrological balance method

Meteorological observation at the Hokushin meteorological station and
the Hokushin evapotranspiration observation tower

The annual evapotranspiration was estimated for the periods of Aug 2003 to Jul
2004 (about 420 mm) and of Dec 2004 to Nov 2005 (about 260 mm).

Groundwater level
measurement

Dec 2003 ~ ongoing

Characterisation of the distribution of groundwater level (as one of the
boundary conditions of groundwater flow analysis)

Manual measurement or automatic monitoring of groundwater levels at
48 boreholes in and around the URL site

The annual and rainfall-induced short-term fluctuations of groundwater level were
observed, the ranges of which depend on the monitoring location. In addition, the
topographical watershed was found to be different from the groundwater divide.

Soil moisture measurement

Dec 2004 ~ ongoing

Acquisition of soil moisture data for calculating a groundwater recharge
rate by the hydraulic engineering method

Monitoring of soil moisture by the amplitude domain reflectometry (ADR)
method at four depths in the URL site with the associated laboratory
programme (prediction of relative permeability curves)

The recharge rate was not estimated based on the unsaturated nature and depth
distribution of soil moisture as the ground at the measurement point has a higher
content of fine grains than expected and the soil is less permeable.

Appendix 3: Overview of surface-based investigations during Phase I (Aerial/ground geophysical surveys
geological surveys, shallow subsurface hydrological/hydrochemical investigations)
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Methods/Location | Period Main aims Contents/Overview* Results
. ) . . . - . . . . . The geological structures predicted based on existing information and the results of
HDB-1 3 Sep 2001 ~ 31 Jul 2002 ponflrmgtlon of the geological stryctures predicted bgsed on existing Core/geophysmgl/ﬂmd logging, hydraullc packer tests, groundwater aerial/ground geophysical surveys were identified in the borehole investigations. It
information and the results of aerial/ground geophysical surveys sampling/analysis, rock mechanical tests etc. down to 720 m depth (1, 4, 6-9, ; . . . .
L - h L . a was found that the properties of the geological environment characterised in both
+ Characterisation of the geological environment within sedimentary 11-13, 15, 16°, 18-21, 27) ; ;
: . . ! . . . . . boreholes met the technical requirements for a URL area, although the amount of
formations for selecting the URL area * Mineralogical/microfossil analyses, porewater squeezing/analysis, hydraulic dissolved aas in the aroundwater in HDB-2 was areater than that of HDB-1. In
HDB-2 11 Sep 2001 ~ 31 Jul 2002 | . Egtablishment of borehole drilling techniques for sedimentary formations | tests, uniaxial tests etc. on core materials in the laboratory (3, 14, 18, 21-26) - gas € g 9 ;
addition, drilling with fresh water caused extensive enlargement of the borehole.
- + Characterisation of the distribution and geometry of, and the geological |+ Core/geophysical/fluid logging (calliper logging after every 50 m of drilling), The geological structures predicted based on existing information and the results of
HDB-3 3 Sep 2002 ~ 14 Mar 2003 ; s - : ) ; ; . . ; ) A e h L
environment within, sedimentary formations on both sides of the hydraulic packer tests (applying the improved testing procedure and aerial/ground geophysical surveys were identified in the borehole investigations.
Omagari Fault for selecting the URL area and the URL site in area B1 surface/downhole equipment), groundwater sampling/analysis, rock Particularly, the boundary between the Wakkanai and Koetoi Formations on the east
HDB-4 3 Sep 2002 ~ 14 Mar 2003 |« Checking of the applicability of use of fresh water and bentonite mud for mechanical tests etc. down to 520 m depth, (1, 2, 4, 6-9, 11-13, 15, 16", side of the Omagari Fault is shallower than that on the west side. Large loss of
borehole drilling in sedimentary formations 18-21, 27) circulation occurred during drilling of HDB-4 and HDB-5, suggesting the existence of
HDB-5 3 Sep 2002 ~ 14 Mar 2003 | Development of hydraulic testing techniques applicable in a borehole » Mineralogical/microfossil analyses, porewater squeezing/analysis, hydraulic water-conducting features. In addition, the effectiveness of the hydraulic testing
» B ep ar drilled with bentonite mud in gas-bearing sedimentary formations tests, uniaxial tests etc. on core materials in the laboratory (3, 18, 21-25, 26°) | procedure and equipment was finally confirmed.
c
'«% + Core/geophysical/fluid logging, hydraulic packer tests, groundwater
‘% HDB-6 26 J Characterisation of the hydraulic and rock mechanical properties of the sampling/analysis, intensive rock mechanical tests etc. down to 620 m depth It was found that the rock strength is sufficient for construction of the underground
a - un 2003 ~ 12 Mar 2004 h ; - - R (1, 2,4-13, 15, 17-21, 27, 28) - - ) . )
2 ost sedimentary formations for designing the underground facilities ; . . ) . . . facility and that water-conducting features occur in the host sedimentary formations.
= » Mineralogical/microfossil analyses, porewater squeezing/analysis, hydraulic
o tests, uniaxial tests etc. on core materials in the laboratory (3, 18, 21-26)
]
g HDB-7 26 Jun 2003 ~ 12 Mar 2004 Characterisation of the h_ydraullc properties of the Yuchi Formation for It was found that the_ Yuchi For_mgtlon |s_%ompgsed »r1na|nly of soft sandy mudstone
8 groundwater flow analysis and has low hydraulic conductivities (107=10" m s™).
Q . ) ) ) + Core/geophysical/fluid logging, hydraulic packer tests, groundwater Although the borehole was drilled near the estimated location of the Omagari Fault,
8 HDB-8 26 Jun 2003 ~ 12 Mar 2004 | Characterisation of the geological properties of the Omagari Fault sampling/analysis, rock mechanical tests etc. down to 520 m depth in HDB-7 | the Omagari Fault did not occur in the drilled section.
and HDB-9f, 470 m in HDB-8 and 550 m in HDB-10 (1, 2, 4, 5%, 6-13, 15, 18,
Characterisation of the geological properties of the Omagari Fault and of 19-21°, 27") . . . . .
HDB-9 26 Jul 2004 ~ 11 Mar 2005 the geological environment on the north-west side of the URL area for . Minera|ogica|/microfossi| ana|yses porewater squeezing/ana|ysis hydrau"c -clj-he _occ_urrence of fractures associated Wlth the Omagan Fault was identified and the
e " ) . a0 » PUTEIVG .20 . | distribution of porewater pressure was defined.
establishing the boundary conditions for geological environment models tests, uniaxial tests etc. on core materials in the laboratory (3, 14', 18°, 21, 22°,
Characterisation of the geological environment on the east side of the URL 23, 24,25, 26)
HDB-10 26 Jul 2004 ~ 11 Mar 2005 | area for establishing the boundary conditions for geological environment The distribution of porewater pressure was defined.
models
» Characterisation of the geological environment on the south side of the |+ Core/geophysical/fluid logging, hydraulic packer tests, groundwater
URL area for establishing the boundary conditions for geological sampling/analysis with in situ physico-chemical parameter monitoring, rock The distribution of porewater pressure was defined. A variety of data on the
HDB-11 5 Aug 2004 ~ 10 Mar 2006 environment models and down to 1,000 m depth for updating the models | mechanical tests etc. down to 1,020 m depth (1, 2, 4—13, 15, 17-21, 27) properties of the geological environment, including in situ physico-chemical
» Development of techniques for measuring in situ physico-chemical » Mineralogical/microfossil analyses, porewater squeezing/analysis, hydraulic parameters of groundwater, down to 1,000 m depth was acquired.
parameters at greater depths tests, uniaxial tests etc. on core materials in the laboratory (3, 14, 18, 21-25)

*Numbers in parentheses representing investigations conducted; 1: Core observation/description, 2: Core scanning, 3: Petrological/mineralogical/microfossil analyses, 4: Electro Micro Imaging (EMI™) logging, 5: Borehole televiewer (BHTV) logging, 6: Calliper logging,

7: Electrical resistivity logging, 8: Density logging, 9: Neutron — gamma-ray logging, 10: Spectral gamma-ray logging, 11: Temperature logging, 12: Velocity logging, 13: Cement bond logging, 14: Magnetic susceptibility/resistivity tests, 15: Electromagnetic flowmeter logging,
16: Spinner flowmeter logging, 17: Flowing fluid electrical conductivity logging, 18: Hydraulic test, 19: Pumping test, 20: Physico-chemical parameter monitoring, 21: Water sampling/analysis, 22: Organics/microbes analyses, 23: Gas analysis, 24: Rock mechanical test,

25: Rock physical test, 26: Rock thermal test, 27: Hydraulic fracturing test, 28: Borehole load test
®HDB-1 only, "HDB-5 only, °HDB-3 only, "HDB-9/10, °HDB-8/9/10, 'HDB-9 only, *HDB-7 only, "HDB-7/8

Methods

Period

Main aims

Contents/Overview

Results

Controlled directional drilling (HCD-1+2)
(collaboration with CRIEPIT)

Nov 2003 ~ May 2006
and testing techniques in such a borehole

Development of controlled directional drilling techniques and
checking of the applicability of a variety of downhole logging

Controlled directional drilling down to 706 mabh in the URL
area and geophysical and flowmeter logging during and after
drilling

It was confirmed that the controlled directional drilling techniques as well as downhole
geophysical and flowmeter logging techniques are feasible in soft sedimentary
formations.

Groundwater dating
(collaboration with CRIEPI)

2004 ~ ongoing permeability sedimentary rocks

Estimation of the residence time of groundwater in low

Chemicall/isotopic analyses of groundwaters and porewaters
and of rock samples collected from the deep boreholes

An appropriate methodology for *He and **Cl/CI groundwater dating for low
permeability sedimentary rocks was established. The residence time of deep
groundwater was estimated to be over 1 million years in the Horonobe area.

3D AMT survey
(collaboration with RWMCH)

Oct — Nov 2005 interpretation of MT/AMT data

Demonstration of the feasibility of a technique for 3D

Survey in an area of about 3 km x 2 km in the Hokushin district
and 3D interpretation of the AMT data

The accuracy of 3D interpretation of geological structures was improved compared
with that of a 2D technique. Consistency between the distribution of resistivity and that
of groundwater salinity was found, suggesting that the 3D AMT technique would be
used as an effective alternative to characterise groundwater chemistry.

Joint research programmes

Microbiological investigations
(collaboration with IRI®)

Nov — Dec 2005 In situ characterisation of microbial activity

Drilling of a 52.2 m deep borehole (H17-1-01) and in situ
groundwater sampling

The applicability of methodologies for detecting and quantifying microbial species and
for measuring microbial metabolism was confirmed.

TCRIEPI: Central Research Institute of Electric Power Industry, 'RWMC: Radioactive Waste Management Funding and Research Center, *IRI: Institute Research and Innovation (dissolved in September 2007)

Appendix 3: Overview of surface-based investigations during Phase I
(Deep borehole investigations, joint research programmes)
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Period
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Main aims

Contents/Overview

Results

Monitoring of hydraulic changes in the geological environment
associated with construction of the underground facilities and with

Monitoring of groundwater pressure in four packed-off

The groundwater pressures have been gradually increasing, suggesting that
the recovery of hydraulic condition to the initial state would be very slow owing

Hokushin station
Central Horonobe station
Kamitoikan station

Feb 2004 ~ ongoing
Sep 2004 ~ ongoing
Aug 2004 ~ ongoing

GPS observation using a portable GPS logger system at
temporal observation stations

Tokachioki earthquake (on 26" September 2003).

HDB-1 Aug 2003 ~ ongoing borehole drilling intervals using the MP system to the very low permeable nature of the sections. No hydraulic responses were
» Checking of the applicability of the long-term monitoring system observed during drilling of other boreholes.
+ Characterisation of the distribution and long-term variation of
HDB-2 Mar 2003 ~ ongoin groundwater pressure (abnormally higher at depth) Monitoring of groundwater pressure in seven packed-off The hydraulic pressure increases with depth, indicating that groundwater is
going |, Checking of the applicability of a different long-term monitoring system | intervals using the SPMP system distributed in the range from hydrostatic to highly artesian conditions.
from the MP system
HDB-3 Nov 2003 ~ onaoin Monitoring of hydraulic changes, associated with construction of the Monitoring of groundwater pressure in six packed-off intervals | The groundwater pressures have been reached stable, indicating the initial
going underground facilities, in the geological environment in the URL site using the MP system hydraulic conditions before starting construction of the underground facilities.
o . . . . . i No seasonal changes were identified in the groundwater chemistry, but its
HDB-4 Nov 2003 ~ ongoing Monitoring of the st_aasonal and URL construction related changes in _Groundwatgr sampling several times a year in two packed-off evolution most likely resulted from the reaction with the cement used to fix the
groundwater chemistry intervals using the MP system . .
casing pipes was observed.
2 HDB-6 Mar 2005 ~ ongoin Monitoring of hydraulic changes, associated with construction of the Monitoring of groundwater pressure in 11 packed-off intervals | The groundwater pressures have been reached stable, indicating the initial
5 going underground facilities, in the geological environment in the URL site using the MP system hydraulic conditions before starting construction of the underground facilities.
'E » Monitoring of hydraulic changes, associated with construction of the
£ underground facilities, in the geological environment at the west Monitoring of aroundwater pressure in nine packed-off The groundwater pressures have been reached stable, indicating the initial
£ HDB-7 Jan 2005 ~ ongoing boundary of the URL area intervals Ssin gthe MP s sth P hydraulic conditions in the Koetoi and Yuchi Formations before starting
£ » Characterisation of the distribution of groundwater pressure in the Yuchi 9 4 construction of the underground facilities.
g Formation
- HDB-8 Mar 2005 ~ ongoin Monitoring of hydraulic changes in the geological environment associated | Monitoring of groundwater pressure in nine packed-off The groundwater pressures have been reached stable, indicating the initial
99INg | \yith construction of the underground facilities intervals using the MP system hydraulic conditions before starting construction of the underground facilities.
» Monitoring of hydraulic changes, associated with construction of the
underground facilities, in the geological environment near the boundary Monitoring of aroundwater pressure in nine packed-off The groundwater pressures have been reached stable, indicating the initial
HDB-9 Oct 2005 ~ ongoing of Horonobe Town intervals Ssin gthe MP s sth P hydraulic conditions before starting construction of the underground facilities.
+ Characterisation of the distribution of groundwater pressure at the high 9 ¥ Here groundwater occurs in unconfined conditions.
elevations of the URL area
» Characterisation of the distribution of groundwater pressure near the
east boundary of the URL area Monitoring of aroundwater pressure in 11 packed-off intervals Although the groundwater pressures have not been reached stable by Jan
HDB-10 Mar 2006 ~ ongoing |+ Checking of the applicability of the long-term monitoring system usin thegPIEgo svsterm P P 2007, it was confirmed that the PIEZO system monitored the groundwater
developed for simultaneous groundwater sampling and groundwater 9 ¥ pressures without any troubles.
pressure monitoring
HDB-11 (Feb 2007 ~ ongoing) Characterisation of the distribution of groundwater pressure near the south qultorlng of groundwater pressure in 15 packed-off intervals (Groundwater pressure monitoring was commenced in Feb 2007)
boundary of the URL area using the MP system
2 —_— Kamlhoronope stat!on e 22 = ONgOING | 1otermination of the distribution of hypocentres and estimation of the Sicaiiion er sk dei using a S5 Sl e .| It was shown that the relocated hypocentre distributions become deeper
.= | Seismic Hokushin station | Sep 2003 ~ ongoing A A (about 1.5 mbgl) and a deep seismometer (about 138 mbgl) in : : S )
5} . . ; . subsurface structures for understanding neotectonics of the Horonobe ] A toward the west and are aligned in an N-S or NNE-SSW direction. This feature
= | observation Hokuseien station | Sep 2003 ~ ongoing o the borehole at Kamihoronobe and determination of the 1 GomE S T (T NS (el et ie]] fees in meriem Keieit
é Nakatoikan station | Mar 2004 ~ ongoing distribution of hypocentres using JAEA and Hi-net data 9 geolog ’
c GPS monitoring and estimation of the horizontal crustal strain
GE’ HDB-1 station | Jan 2003 ~ ongoing rates (from baseline lengths) using JAEA data and the GPS
o data obtained at 12 GEONET and 4 IGS stations The results of the estimation of the horizontal crustal strain rates and
g GPS - - - Evaluation of the amount and rate of crustal movement for understanding deformation based on tectonics in northern Hokkaido showed that the trend
< | observation Kamihoronobe station | Jul 2004 ~ ongoing | neotectonics of the Horonobe area and rate of crustal movement changed before and after the occurrence of
O

Remote
environmental

monitoring

Seismic ACROSS: HDB-3 transmitting
station and HDB-4, HDB-5 and HDB-8
receiving stations

Dec 2005 ~ ongoing

Electromagnetic ACROSS: transmitting
station in the URL site and HDB-4, HDB-5
and Z receiving stations

Dec 2004 ~ ongoing
(Started in Mar 2005
at HDB-8)

Establishment of the ACROSS techniques for identifying changes in the
geological environment (with a high resolution) occurring before, during
and after construction of the underground facilities

Test monitoring using both the seismic and the
electromagnetic ACROSS, involving constantly transmitting
seismic and electromagnetic waves and receiving their
signals.

The results of the test monitoring showed that it was possible to obtain seismic
and electromagnetic data with high S/N ratios.

Appendix 3: Overview of surface-based investigations during Phase I (Long-term
monitoring, crustal movement monitoring, remote environmental monitoring)
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Location (WGS84, Zone54N)
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Rationale behind the locations and depths

Method/Diameter

Drilling fluid

Latitude (X): 45°02'24.0283" N (4,987,758.417 m)

674" wireline, triple-tube, core drilling

Fresh water from 4.40 to 275.50 mbgl

HDB-1 Longitude (Y): 141°51'52.8339" E (568,102.258 m) 720.00 m » The locations were selected considering the land use, the ease of formalities and the degree of development h !
Elevation (Z): 69.102 m of infrastructure (specifically access to main roads). (@ 86mm core) from 4.40 to 720.00 mbgl Bentonite fluid from 275.50 to 720.00 mbgl|
» The depth (excluding 20 m overbreak) was determined so as to define the thickness of the target formations
: . . 9 g
HDB.2 tiIt':tui;ju(-,:j‘(BX()\.(;1_41 45$°g%:13353283'\(1)”(‘|1£’?2:73’202;59‘7127mn)1) 720.00m and to obtain |nformat|oq on the geological environment below the planned URL depth (500 m depth) for 6% wireline, triple-tube, core drilling Fresh water from 4.40 to 404.90 mbg|
oo (2) 42.529m e ' groundwater flow analysis. (@ 86mm core) from 4.40 to 720.00 mbg| Bentonite fluid from 404.90 to 720.00 mbgl
HDB-3 tzatui?ued(ex()\:{;ﬁ 212 0233223654 4'\;%32272:2482;8”3) 520.00 m 6%4” wireline, triple-tube, core drilling Fresh water from 4.40 to 157.00 mbgl|
gt " ’ e ) . " . . . . (9 86mm core) from 4.40 to 520.00 mbgl Bentonite fluid from 157.00 to 520.00 mbgl
Elevation (Z): 58.192 m + The locations were selected so as to obtain information on the geological environment on both sides of the
. . AEonN’ » Omagari Fault (i.e. HDB-3 on the west side; HDB-4/5 on the east side) and to define the continuity of the
HDB-4 Iigﬂtui?uedgx()\.(;li 230152}2812088'\1‘,,(E?ggéagéfggam%) 520.00 m sedimentary formations along the strike, considering the land use, the ease of formalities and the degree of |6%4” wireline, triple-tube, core drilling Fresh water from 4.10 to 162.20 mbgl
Ele\?ation (Z)'.63 610m ’ T ’ development of infrastructure (specifically access to main roads). (9 86mm core) from 4.10 to 520.00 mbgl Bentonite fluid from 162.20 to 520.00 mbgl|
T » The depth (excluding 20 m overbreak) was determined so as to obtain information on the geological
i 1 45°02' ” i he pl RL h h).
HDB-5 tgﬂtﬂ?uedéx()\'(;fi 4??%?%206743'\2‘"(%52225321718.%0579nr;)) 520.00 m environment down to the planned URL depth (500 m depth) 6%4” wireline, triple-tube, core drilling Fresh water from 4.10 to 54.00 mbgl
Ele\?ation (Z)'-78 768 m ’ ’ ’ (@ 86mm core) from 4.10 to 520.00 mbgl Bentonite fluid from 54.00 to 520.00 mbgl|
Latitude (X): 45°02'39.0934" N (4,988,219.987 m) . Iggez(;;erg?‘lc?rg::i;%?s;e’gmlenjzzel:;tj:tg fsa%iﬁtsyto obtain information on the geclogioal environment 6%4” wireline, triple-tube, core drilling
HDB-6 Longitude (Y): 141°51°38.6432” E (567,786.853 m) 620.00 m ) - . ) ' ) Bentonite fluid from 4.20 to 620.00 mbgl
Elevation (2): 60.212 m » The depth (excluding 20 m overbreak) was determined so as to more precisely characterise groundwater (@ 86mm core) from 4.20 to 620.00 mbgl
U flow in and around the URL site.
» The location was selected so as to characterise the Yuchi Formation (specifically hydraulic properties) and of
y ny!
Latitude (X): 45°02'51.3035” N (4,988,583.098 m) the upper part of the Koetoi Formation, considering the land use, the ease of formalities and the degree of 64" wireline, triple-tube, core drilling
HDB-7 Longitude (Y): 141°50'39.3235” E (566,485.228 m) 520.00 m development of infrastructure (specifically access to main roads). (@ 86mm co‘re) from 11,69 to 520.00 mbal Bentonite fluid from 11.69 to 520.00 mbgl|
Elevation (Z): 43.752 m » The depth (excluding 20 m overbreak) was determined so as to obtain information on the geological ' ’ 9
environment down to the planned URL depth (500 m depth).
» The location was selected around the estimated location of the Omagari Fault so as to characterise the fault,
9
Latitude (X): 45°03’00.0458”" N (4,988,873.700 m) considering the ease of formalities and the degree of development of infrastructure (specifically access to 64" wireline, triple-tube, core drilling
HDB-8 Longitude (Y): 141°52'09.3122” E (568,450.835 m) 470.00 m main roads). (@ 86mm co’re) from 4 2‘0 to 470.00 mbal Bentonite fluid from 4.20 to 470.00 mbgl|
Elevation (Z): 70.051 m » The depth (excluding 20 m overbreak) was determined so as to confirm the geological structures (specifically ’ ' 9
the distribution of the Omagari Fault) estimated on the basis of the HDB-3/4/5 investigation results.
» The location was selected around the estimated location of the Omagari Fault near the north-west boundary
Lt 0 4570331962 N (989973220 )
HDB-9 Longitude (Y): 141°51°00.4532” E (566,932.893 m) 520.00 m . o . ’ . ’ - ’ ’ Bentonite fluid from 26.50 to 520.00 mbgl
Elevation (2): 97.188 m of development of infrastructure (specifically access to main roads) were considered for the final decision. (@ 86mm core) from 26.50 to 520.00 mbgl
U » The depth (excluding 20 m overbreak) was determined so as to obtain information on the geological
environment down to the planned URL depth (500 m depth).
» The borehole was located near the east boundary of the URL area so as to obtain information on the
geological environment as the boundary conditions for geological environment models. The land use, the 6v4" wireline. triple-tube. core drillin
Latitude (X): 45°03’31.9231” N (4,989,878.519 m) ease of formalities and the degree of development of infrastructure (specifically access to main roads) were (®486mm co’re)r;rom 26’00 to 500 0% mbal
HDB-10 Longitude (Y): 141°53'38.1125” E (570,382.397 m) 550.00 m considered for the final decision. oo ; ' o~ 9 Bentonite fluid from 26.00 to 550.00 mbgl
: / : L ) . . HQ wireline, triple-tube, core drilling
Elevation (Z): 50.829 m » The depth of 500 m was determined so as to obtain information on the geological environment down to the (@ 65mm core) from 500.00 to 550.00 mbg
planned URL depth. An additional 50 m was drilled so as to test the borehole stability and groundwater ’ ' 9
chemistry without casing pipes and cement.
» The borehole was located near the south boundary of the URL area so as to obtain information on the
Latitude (X): 45°02°08.7169" N (4,987,289.753 m) geolog|fcfa| en\f_ltr_onmezttﬁs tctjwe boun(;ladry C(I)nd|t|onts f;)_r ?eol’:)glc;al enwron_rfpen”t models. ;I'he Ia_nd usc;e, the 52" wireline. trivlotub il
HDB-11 Longitude (Y): 141°52'09.1032" E (568,463.269 m) 1,020.00 m ease of formalities and the degree of development of infrastructure (specifically access to main roads) were 4" wireline, triple-tube, core drilling Bentonite fluid from 23.00 to 1,020.00 mbg|

Elevation (Z): 66.848 m

considered for the final decision.
The depth (excluding 20 m overbreak) was determined so as to obtain information on the geological
environment for checking the results of groundwater flow analysis.

(@ 86mm core) from 23.00 to 1,020.00 mbgl
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. H . H Coordinates X (N): 4,987,758.417 m, Y (E): 568,102.258 m, Z: 69.102 m (WGS84, Zone54N)
Overview of HDB-1 borehole investigation results Borehole inclination: 0° from vertical
Geological overview Borehole overview Rock physical/mechanical overview Hydrogeological overview Hydrochemical overview
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Coordinates X (N): 4,983,002.942 m, Y (E): 572,478.747 m, Z: 42.529 m (WGS84, Zone54N)

Overview of HDB-2 borehole investigation results Borehole inclination: 0° from vertical

Geological overview Borehole overview Rock physical/mechanical overview Hydrogeological overview Hydrochemical overview
= = _é Cation [meq "] Anion L
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. . . . Coordinates X (N): 4,988,229.854 m, Y (E): 567,524.238 m, Z: 58.192 m (WGS84, Zone54N)
Overview of HDB-3 borehole investigation results Borehole inclination: 0° from vertical
Geological overview Borehole overview Rock physical/mechanical overview Hydrogeological overview Hydrochemical overview
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Coordinates X (N): 4,989,381.786 m, Y (E): 568,904.226 m, Z: 63.610 m (WGS84, Zone54N)

Overview of HDB-4 borehole investigation results Borehole inclination: 0° from vertical

Geological overview Borehole overview Rock physical/mechanical overview Hydrogeological overview Hydrochemical overview
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Coordinates X (N): 4,988,811.807 m, Y (E): 569,278.059 m, Z: 78.768 m (WGS84, Zone54N)

Overview of HDB-5 borehole investigation results Borahola inclination: 0° from vertical

Geological overview Borehole overview Rock physical/mechanical overview Hydrogeological overview Hydrochemical overview
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. . . . Coordinates X (N): 4,988,219.987 m, Y (E): 567,786.853 m, Z: 60.212 m (WGS84, Zone54N
Overview of HDB-6 borehole investigation results Coordinatas X (N): 4.908.219.987 m. ¥ (E) ( )
eological overview orehole overview ock physical/mechanical overview rogeological overview rochemical overview
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Overview of HDB-7 borehole investigation results

Coordinates X (N): 4,988,583.098 m, Y (E): 566,485.228 m, Z: 43.752 m (WGS84, Zone54N)
Borehole inclination: 0° from vertical

Geological overview

Borehole overview

Rock physical/mechanical overview

Hydrogeological overview

Hydrochemical overview
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Overview of HDB-8 borehole investigation results

Coordinates X (N): 4,988,873.700 m, Y (E): 568,450.835 m, Z: 70.051 m (WGS84, Zone54N)

Borehole inclination: 0° from vertical

Geological overview

Borehole overview

Rock physical/mechanical overview

Hydrogeological overview

Hydrochemical overview
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Coordinates X (N): 4,989,973.229 m, Y (E): 566,932.893 m, Z: 97.188 m (WGS84, Zone54N)

Overview of HDB-9 borehole investigation results Borahola inclination: 0° from vertical

Geological overview Borehole overview Rock physical/mechanical overview Hydrogeological overview Hydrochemical overview
—_— c X . ~ .
= 5 S Electrical 600Catlon [meé} I Anlon600 L %
Fe! (8} o Fracture densit . . Velocit L ) conductivit . - )
E |< £ [N m] y Casing Diameter Temeerature Neutron Density [km s%ll Uniaxial Velocity (FEC Ioggin)g;) Hydraulic conductivity | 1 4rauic Na K ————————¢¢ %’ % =
c S % c lati [mm] [°Cl - [x10% kg m?] | compressive | (flow meter S m- [ms] Y Ca? HCO+CO% | & ®
2 o Lithostratigraphical | ¢ e programme —_ porosity ng | = VRS89 strength logging) [S ] Transmissivity head | seawater Mg <= SO, <= | &
[0} = descriptions o fracture number [inch] —X — 1 [%] —— logging | — Vs (logging) 2 iy | — static (1%) 2 o [mbgl] Porewater squeezed in aerobic gD
© T wn P = [x10% N] —Y J—T O core O Vp(core) [MPa] (102 m min 1| S (2) [m?s7] " conditions (<«—: sampling point) S E g
=] o E 8 O Vs (core) — pumping (1) Porewater squeezed in anaerobic $ _Q =
= o () — pumping (2") ~ conditions («—: sampling point) o= g
= < % A |0 10 20 30 7 13%  Depth 20 100 ____ Pumped groundwater g o )
[a) g0 e CT|0 ] g 3 41I/2 9?Aa. [mbgl] 158.8 400/0 10 20 30| 40 6.0 80 |10 15 20 25|00 1'.0 2;0 30/0 20 40 60j00 1.0 20 30/00 10 20 30| 107 108 10 10* [+40 +20 O (7 sampling interval) € L
|>_ 25.50 \_4 E i i E
° o 18% f : ;
. ’ || I | -
° of & o) P
° - : ) o -0
° 124.22 ] !
K125.00 ! o
12% Qo >3 l—
[SR=3
. e I} 1
s @ 3z — F-100
i) ° - —208.80 Zs -
g ® (liner hanger) h
5 L | /256.20 - feo)) 3 &
& |siliceous i 8I'1§257.50 E‘ . 5 o "
‘T | mudstone ° : 3
= . ul — L o a Ey --200
~ ° L 4 =
© L . 7
= L C @@ 3 I [
N
° L 3 =
: - £ |o : ] |
° - =
r C | o« I I <_ <‘?
°
° © --400
L n 519.43 ! e S L — \V 499 81

Appendix 5: Overview of deep borehole
investigation results (HDB-9)

- 359 ~ 360 -




JAEA-Research 2010-068

Coordinates X (N): 4,989,878.519 m, Y (E): 570,382.397 m, Z: 50.829 m (WGS84, Zone54N)

Overview of HDB-10 borehole investigation results Borehole inclination: 0° from vertical

Geological overview Borehole overview Rock physical/mechanical overview Hydrogeological overview Hydrochemical overview
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investigation results (HDB-10)
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Overview of HDB-11 borehole investigation results

Coordinates X (N): 4,987,289.753 m, Y (E): 568,463.269 m, Z: 66.848 m (WGS84, Zone54N)
Borehole inclination: 0° from vertical
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Appendix 6: Geosynthesis Data Flow Diagram (Surface-based investigations

covering the whole Horonobe Town: Survey of existing infromation)
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Appendix 6: Geosynthesis Data Flow Diagram (Surface-based investigations covering the whole
Horonobe Town: Aerial/ground reconnaissance surveys and borehole investigations)
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Appendix 6: Geosynthesis Data Flow Diagram (Surface-based investigations in/around the URL area:
Survey of existing information, ground reconnaissance surveys and borehole investigations)
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