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Executive Summary 

The Monitoring Equipment and Data Treatment for Safe Repository Operation and Staged Closure 

(MODATS) work package (WP) of the European Joint Programme on Radioactive Waste Management 

(EURAD) is conducting research, development and demonstration (RD&D) into: monitoring data 

acquisition, treatment and management; use of monitoring data to enhance system understanding, 

including development of digital twins; interactions with civil society and other stakeholders; 

development of monitoring technologies; and development of knowledge regarding repository 

monitoring.  

The focus of MODATS is monitoring during the operational phase of repository programmes to build 

further confidence in the long-term safety case. MODATS is focusing on confidence in monitoring data. 

There are challenges associated with monitoring data acquired during repository operations, including 

challenges associated with its management (including processing and storage), acquisition, modelling 

and visualisation. 

For example, it should be demonstrated before deployment that monitoring equipment can operate in 

the environmental conditions in which it is being emplaced within the repository. These conditions may 

include high temperatures, high pressures, humidity and/or submersion, chemically aggressive 

environments, and levels of radiation that may degrade electrical and optical cables performances. The 

equipment may be required to operate for long periods (possibly without access for maintenance), with 

a high level of confidence in the signal, and without interfering with barrier performances, in particular 

as pertaining to long term safety.  

In the Modern2020 and Modern projects, extensive research, development, and demonstration (RD&D) 

activities have been undertaken to increase the toolbox of monitoring techniques from which a 

monitoring programme can be developed, considering the above challenges.  The ability to monitor the 

disposal system and the extent to which such monitoring can provide detailed understanding of the 

disposal system evolution can be enhanced through development of novel technologies, and there is a 

need to further develop the most promising novel technologies.  

To monitor with confidence during the operational phase, there could be a requirement to develop 

remote monitoring technologies (non-invasive inspection, non-destructive methods techniques (NDT)) 

in combination with in-situ monitoring to have redundancy measurement without interaction with the 

engineered barrier.  

There also could be requirement to develop monitoring technologies that can quantify parameters 

difficult to measure, such as water saturation, pH, corrosion rate. Accurate measurements of these 

parameters offer could offer a better understanding by reducing the uncertainty on the monitoring 

process. To monitor with confidence, there is a requirement to greater understanding of the interactions 

between monitoring sensors and the medium in which they are emplaced, to ensure the monitoring 

equipment is not impacting the performance of the multibarrier to an unacceptable level. 

The work in Task 3 of MODATS was divided into three main themes main directions: 

¶ Develop innovative sensors and geophysical techniques to measure and infer parameters that are 
difficult to obtain for long-term monitoring. 

¶ Develop and qualify optical sensors to get them ready to be used in the initial phase of the 
development of the geological disposal for temperature and strain measurement. 

¶ Develop a roadmap for technology development, to ensure that technologies can be used with 
confidence from the start of repository operations.  

The main results obtained during the MODATS WP are important about the monitoring technologies 

perspectives because of at the first time, the importance of Artificial intelligence (AI) and machine 

learning (ML) to improve the measurement performance has been clearly highlighted. AI/ML facilitate 

the analyse of row data to monitoring parameters that are useful to evaluate the performance behaviour 

of the geological disposal. AI/ML have shown immense potential in understanding complex data like 

geophysical methods or image processing. In the same time, optical fibre sensor (OFS) technology has 



EURAD Deliverable 17.7 ï Synthesis report on Innovative and Enhanced Equipment for Repository 
Monitoring 

EURAD (Deliverable n° 17.7) - Synthesis report on Innovative and Enhanced Equipment for 
Repository Monitoring 
Dissemination level: PUBLIC 
Date of issue of this report: 04/06/2024 

Page 5  

reached a new level of maturity: OFS are now ready for industrial geological disposal application with 

potential to have access to chemical parameters.  

More detailed conclusions on monitoring technology developed during the MODATS WP are 

summarised below. 

Geophysical methods 

Geophysical methods can estimate material properties away from the sensors. However, geophysical 

methods also suffer from some deficiencies. Firstly, they are often ambiguous, that is, several 

subsurface models explain the data equally well. Depending on the method(s) employed, they can offer 

only limited spatial and/or temporal resolution. Finally, geophysical methods yield physical material 

properties, such as elasticity parameters, density, or electrical conductivities, and it is not straightforward 

to translate these material properties to parameters of interest (i.e., temperature, pressure, etc.). 

One of the main advantages of geophysical technologies is the spatial information it could provide on 

relevant parameters (in contrast to point information, obtained with traditional point sensors). A 

combination of machine learning (ML), geophysical measurements and local water content information 

has been used in MODATS to demonstrate the feasibility of obtaining tomographic images of humidity 

distribution in a granular bentonite mixture.  

Electrical methods 

The Induced Polarization (IP) characterizes the ability of a medium to store charges reversibly under a 

slowly alternating electrical field. In MODATS, it was demonstrated that Spectral Induced Polarisation 

(SIP) is not only sensitive to variations in water content but also to the mineralogical and chemical 

variability of the water and bentonite Furthermore, it is feasible to relate parameters from the SIP 

technique to permeability and thus it offers a potential method to image in 4D the permeability of porous 

media. However, further RD&D is required before this technique can be confidently deployed for this 

purpose. 

Automatic passive seismic monitoring 

An algorithm was developed by Institute of Mine Seismology (IMS) to automatically classify seismic 

events. It utilizes ML algorithms and is used with their seismic analysis software ñIMS Combinedò. In 

MODATS, the algorithm was evaluated based on selected data: It was able to correctly classify 97% of 

events from the ONKALO database of seismic events, occurring from 2021 to 2023. The number of false 

positives, i.e. falsely accepted events, was still quite high with only 77% of manually rejected events 

being correctly rejected by the algorithm.  

Further training of the algorithm is still required before full integration in daily analysis routines. The 

results obtained so far, in the framework of MODATS WP, are promising and field use is expected soon. 

Water leakage identification 

A review of literature was undertaken in MODATS to identify the most promising technique for automatic 

mapping of underground water leakages.  Standard thermal imaging provides the possibility to detect 

different type of inflows in conditions where different structures like shotcrete, steel mesh reinforcement 

and other tunnel infra may disturb the results and was therefore judged to be the most promising 

technique. The potential of the method has already been assessed in different studies (e.g. Neretnieks 

et al 2018), where the main conclusion was that thermal imaging (with an IR camera) can be used to 

locate and identify spots with even very low leakage flow rates in fractured crystalline rocks. This study 

was not directly used to repeated flow mapping but to characterise leaking fractures.  

Even leakages of less than 1 ml/min were identified with this method. Thermal imaging alone only gives 

qualitative information, but together with fracture geometry and 3D fracture network models, it could give 

better understanding of inflows (Neretnieks et al 2018). The next phase is to conduct a ML exercise to 

distinguish different semiquantitative results on number of inflows. 
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Even though thermal imaging has some challenges, it could be applied to assist in manual leakage 

mapping. Thermal images/recordings could be used to automatically identify the leakages and to digitize 

them. In practice, this would mean taking images and using photogrammetry (Huang et al. 2020) and 

pattern recognition to map the anomalies to the tunnel profile. After anomalies are digitized, the mapping 

personnel could then determine the amount of inflow in each anomaly by other means, for example by 

visual observation. 

Radiation tolerant optical cables. 

Optical fibers offer many advantages compared to point sensors. It offers distributed and time resolved 

measurements with high spatial resolution in harsh environments. It is possible to adapt its composition 

and structure to match the sensors capabilities to the desired requirements. In addition, optical fibers 

can be used to provide 3D maps of temperature and strain at the location of the optical fiber depending 

on the spatial resolution of the interrogation technique. 

The study focused on the effects of gamma irradiation on radiation-hardened optical fibers. The RD&D 

will next consider the effects of neutrons, as well as the investigation of cable coatings. ANDRA is 

actively involved in developing new cables specifically designed for this application. It's important to note 

that this work is still in the development phase. 

This irradiation campaign testing radiation tolerance of six optical cables under a mixed field 

neutron/gamma at low doses (~ 1.7Gy) has been conducted. Six cables with different structures have 

been investigated under and after irradiation. The results obtained in the irradiation campaign give good 

candidates to be used in strong nuclear environment and also external coating requirement for optical 

cable.  

Optical pH sensor. 

A proof-of-concept optical pH sensor has been developed. It is based on a simple concept involving the 

immobilization of a chemical recognition phase sensitive to pH variation on a surface part of the optical 

chain. This concept uses light to measure variations in optical properties resulting from interactions 

between the aqueous system to be analyzed and the chemical recognition phase of the probe. The 

immobilization technique for this chemical recognition phase, demonstrated in MODATS, is an important 

step in the development of these optical probes. A white light source is injected into a multimode optical 

fiber. The fiber carries the light to the measurement location. A mirror, positioned in front of the fiber, 

sends the light back on a multimode optical fiber to a spectrometer for spectral analysis. A computer 

software enables the spectral responses processing. The interaction of the immobilized organic layer 

with the protons contained in a given sample, in the presence of light, leads to variations in optical 

properties. The chemical recognition phase can be covalently immobilized on the end of the metallized 

optical fiber or on the 316L stainless steel mirror. 

The first results obtained from testing in Bure for two different optical configurations lead to a measured 

value of pH~6 for poral water. These preliminary results are very encouraging because they are 

independent of the localization of the grafting (fiber or mirror) and are very close to the value pH ~7 

measured by conventional on-site pH sensors. It is a promising technique, although further testing is 

required. 

Strain measurement with optical fibre. 

The understanding of ground response and induced strains in the tunnel lining, when tunnelling for a 

deep geology repository, is needed for the design of the construction technology to comply with 

operational and long-term safety requirements. To test different tunnel support systems in the sandy 

facies of the Swiss host rock Opalinus Clay, the TS Experiment at the Mont Terri underground research 

laboratory URL was initiated. The ground response and strains in the lining during and after excavation 

are monitored by conventional convergence measurements (3D-optical displacement measurements by 

means of total station and reflectors), as well as with different fibre-optic strain sensing methods. 
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Different optical fiber techniques have been used to evaluate the performance of each technique. 

Distributed measurements based on Rayleigh and Brillouin were compared to Bragg fibre grating. 

In general, Optical Backscatter Reflectometer (OBR) data provide the highest resolution deformation data in the 

tunnel lining, compared to the other monitoring techniques. The results also show that a high spatial resolution 

(in millimetre range) is required to characterize the behaviour of tunnel lining.  

Source of hardness 

In MODATS, RD&D was undertaken to examine sensor capabilities and to evaluate the impacts of 

repository-like harsh environment conditions on their performance. The monitoring system should be 

robust and durable as required, owing to the limited possibility for maintenance and repair for 

inaccessible sensors.  

An analysis of literature data on environmental conditions was carried out, considering temperature, 

mechanical pressure, hydraulic pressure, salinity, radiation, displacement, etc. in different types of rocks 

(crystalline, argillaceous, salt) and different locations around the repository (from the waste package to 

the far-field rock). 

Based on the results of the analysis, it was established that the maximum temperature, sensors, and 

other equipment could have to operate in, are in repositories hosted in salt rocks, where temperature of 

200 ºC could be experienced adjacent to the waste package in the buffer and near-field rock. A 

maximum mechanical pressure of 42 MPa could be experienced in salt and crystalline host rocks, in the 

buffer adjacent to the waste package and in the near-field rock. Regarding hydraulic pressure and 

salinity (not expected in salt rock), up to 9.5 MPa and up to 70 g/l, respectively, could be expected for 

all locations in a repository in crystalline and argillaceous host rocks. But regarding radiation effects, the 

maximum impacts are expected in the buffer and waste package and will be as high as 10 Gy/h 

regardless of the type of rock. 

Future needs 

Work performed in MODATS aims to provide a monitoring technology RD&D roadmap that can be used 

to help plan research, targeted enhancements, and/or the development of novel technologies, tailored 

to the specific demands of the repository. By identifying the gaps between existing monitoring 

sensor/system capabilities and the technical requirements (expected in their deployment in the 

repository), this methodology aims to pave the way for the implementation of more robust, reliable, and 

tailored monitoring solutions. 

The methodology employs a matrix approach, cross-comparing technology capabilities and limitations 

and technical requirements for 36 technology/parameter combinations. Identified developmental needs 

are grouped into 14 categories and aggregated into 3 families, forming the basis for a generic technology 

development roadmap. 

The issues directly revealed by the matrices relate to the performance of the technology in harsh 

environmental conditions and its ability to fulfil the data quality objectives (DQOs). When the technology 

is unable to operate owing to physical conditions, it means that it lacks the necessary robustness. In this 

analysis such identified issues include: 

¶ Unable to withstand high relative humidity. 

¶ Unable to withstand high salinity. 

¶ Unable to withstand high pressure. 

¶ Unable to withstand high temperature. 

¶ Suffering from radiation. 

The matrix analysis also reveals issues relating to meeting DQOs, including: 

¶ Cannot measure expected range. 

¶ Insufficient lifetime. 
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¶ Insufficient accuracy. 

¶ Significant drift. 

In addition, other specific issues are identified from a literature review, including: 

¶ Unsatisfactory measurement repeatability. 

¶ Unsatisfactory sensor attachment. 

¶ Unsuitable power supply. 

¶ Unsuitable sampling. 

¶ Require calibration procedure and scaling relationships for the interpretation of signal. 

The roadmap, which fits into the Modern2020 Screening Methodology, addresses the critical question 

of parameter feasibility. Its flexibility is evident in assessment gates and activities suggesting processes 

based on answers. An initial gate upstream of the proposed workflow, explores reasons for parking 

processes, parameters, and technologies resulting from the Modern2020 screening workflow, leading 

to four possible responses and specific activities. Assessment gates evaluate technology development 

based on three critical questions that would cover the three methods for identifying issues with existing 

technologies that include the 14 needs identified previously: 

¶ Can the technology fulfil data quality objectives? 

¶ Can the technology be installed and operated? 

¶ Can the technology withstand relevant expected conditions within the repository? 

These questions constitute an assessment common to three main such gate/activity couples that each 

act as sub-workflows; one devoted to standard laboratory testing of technology, one to demonstration 

in a repository-like environment (e.g., underground research laboratory), and one to demonstration in 

the site-specific repository, which is not always required. Positive responses to the assessment gates 

lead to next sub-workflow activities and eventually deployment, whereas negative responses initiate 

sub-activities, allowing for identification of reasons for failure, proposition and selection of development 

options, and actual development.  

The roadmap's flexibility accommodates sequential or parallel undertaking of these sub-workflows and 

related activities based on ongoing technology developments, ensuring scalability and adaptability. 

Acknowledging diverse technology development stages, the roadmap offers flexibility in workflow 

execution, incorporating assessment gates for evaluation and iterative development processes, and for 

continuous improvement. The absence of a fixed timeline underscores a commitment to practicality, 

allowing waste management organizations (WMOs) to tailor the roadmap to their unique needs, 

recognizing diverse contexts and programmatic intricacies. Addressing challenges corresponding to 

project size, WMOs can use the roadmap as a guideline, adapting the pace and intensity of each stage 

to their programmes. The study emphasizes a strategic and adaptable approach to monitoring 

technology development. 

Confidence in monitoring data can be achieved if the acquisition, management and use of the data is 

appropriate for the purpose for which it has been acquired. Therefore, in terms of providing confidence 

in monitoring data associated with long-term safety, confidence in monitoring data can be built if the 

methods and technologies used to acquire, manage and use it contribute to meeting the purposes of 

monitoring identified by the IAEA-TECDOC 1208. MODATS contribute to use of novel technologies that 

can extend the current capabilities of monitoring technologies and allow additional information to be 

gained during repository operation. 
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Glossary 

ACA:  AusCultation Alvéole HA: (disposal cell monitoring experiment) 

AE:  Acoustic Emission 

ATR:  Total Attenuated Reflexion 

BOTDA: Brillouin Optical Time Domain Analyser 

BOTDR: Brillouin Optical Time-Domain Reflectometry (Brillouin Scattering) 

Cox :  Callovo-Oxfordien 

CV:  Cyclic Voltammetry 

EBS:  Engineered Barrier System 

EDZ:   Excavation disturbed zone  

DMSO:  DiMethylSulfOxyde 

GDF:  Geological Disposal Facility  

FEPs:  Features, events, processes   

FTIR:  Fourier Transform InfraRed Spectroscopy 

HLW:  High level radioactive waste 

ILW:  Intermediate level waste 

NMR:  Nuclear Magnetic Resonance 

NR:  Neutral Red 

OBR:  Optical Backscatter Reflectometer  

pH:   Hydrogen potential 

PPP-BOTDA: Pulse-prepump brillouin optical time domain analysis  

SNF:   Spent nuclear fuel. 

TW-COTDR: Tunable Wavelength - Coherent Optical Time Domain Reflectometry 

UV-Vis:  Ultra-violet- Visible Spectrometry 

XPS:  X Photoelectron Spectroscopy 
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1. Introduction 

1.1  Background 

Monitoring and suitable management of the acquired data can also be used to support engagement with 

stakeholders. In this way, monitoring will support decision making, help to build further confidence in 

geological disposal, and contribute to optimisation of the disposal system. 

The Monitoring Equipment and Data Treatment for Safe Repository Operation and Staged Closure 

(MODATS) work package (WP) of the European Joint Programme on Radioactive Waste Management 

(EURAD) is conducting research, development and demonstration (RD&D) into: monitoring data 

acquisition, treatment and management; use of monitoring data to enhance system understanding, 

including development of digital twins; interactions with Civil Society and other stakeholders; 

development of monitoring technologies; and development of knowledge regarding repository 

monitoring. MODATS is building on previous international collaborative RD&D activities, including a 

European Thematic Network[108] the MoDeRn [110].and Modern2020 [projects [109] 

Monitoring of the geosphere during site investigations and disposal facility construction and monitoring 

of URL experiments have demonstrated that it is feasible to collect detailed information to support 

understanding of the evolution of the disposal system, and to use that understanding to support 

development of the long-term safety case.   

A broad range of technologies exist for undertaking monitoring.  However, monitoring of the disposal 

system during the operation period provides challenges, particularly associated with ensuring the 

passive safety of the disposal system. The ability to monitor the disposal system and the extent to which 

such monitoring can provide detailed understanding of the disposal system evolution can be enhanced 

through development of novel technologies, and there is a need to further develop the most promising 

novel technologies.  These include mainly geophysical methods and fibre optic systems.  In addition, to 

monitor with confidence, there is a requirement to develop greater understanding of the interactions 

between monitoring sensors and the medium in which they are emplaced. 

1.2  Objectives 

New and emerging sensing methods may change the paradigm of how to monitor waste repositories. 

To push forward what is possible in terms of monitoring, it is crucial to stay abreast with the technological 

development to apply and adapt emerging technologies to waste repository monitoring and develop new 

technologies that are suitable for the specific requirements of repository monitoring. In addition, new 

methods are developed that extract signals from the data through signal processing, joint inversion 

schemes and other techniques that are specific to the monitoring methods. The work in  

The work in Task 3 of MODATS was divided into three main themes main directions: 

¶ Develop innovative sensors and geophysical techniques to measure and infer parameters that are 

difficult to obtain for long-term monitoring. 

¶ Develop and qualify optical sensors to get them ready to be used in the initial phase of the 

development of the geological disposal for temperature and strain measurement. 

¶ Develop a roadmap for technology development, to ensure that technologies can be used with 

confidence from the start of repository operations.  

1.3  Intended Scope and Audience 

This report is dedicated to the comprehensive exploration and analysis of monitoring technologies in the 

context of the repository, with a primary focus on the underground locations and associated boreholes 

within the underground repository The content is intended primarily for people in charge of developing 

monitoring technologies to tell them the progress performed during the three years project of MODATS 

WP.  
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1.4  Report structure  

This report is presented in seven sections. Following this introduction (Section 1), separate sections (or 

sub-sections) are presented for monitoring technology types respectively (Sections 2-3). For monitoring 

technology development: an introduction, problem analysis, research objectives, overview of the 

development team, development steps follow during the MODATS project, Material and method, 

Description on the field test used during the project, Results, Discussion about the results obtained, 

References is provided. 

Section 4 examine the sources of hardness and evaluate the impacts of the harsh environment on the 

requirements for long-term monitoring on sensor equipment based on literature reviews. 

Section 5 provides the future needs from the MODATS work on monitoring technologies with the 

perspectives of monitoring data. The outcome from this activity is a generic RD&D roadmap. The 

methodology to create the generic roadmap has included an understanding of data requirements, 

current state of development of technologies, and non-comprehensive identification of outstanding 

technology issues that need to be addressed before implementation of repository monitoring 

programmes commence. 

The appendix A provides a summary of the monitoring technology developed in MODATS through 

Technology Data sheet summary. 
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2. Geophysics & Innovative Sensors 

2.1  Introduction 

For monitoring of radioactive waste repositories, knowledge of the spatial and temporal variations of key 

parameters, such as temperature, pressure, moisture, porosity, etc. is envisaged. In principle, this can 

be obtained with a sensor network, in which all these parameters can be measured directly. However, 

this imposes challenges. First, the placement of the sensors could have an impact on the passive safety 

of the multi-barrier system. Furthermore, the placement of a sensor may locally disturb the embedding 

material, and the measurements may be therefore not representative. Finally, the sensor data 

corresponds to point information only, which may be not representative for the entire volume of interest. 

With geophysical methods the problems mentioned above can be addressed. They can be performed 

in a non-destructive fashion. Therefore, the integrity of the barriers remains unaffected, and the 

embedding material is not disturbed locally. Most importantly, repeated geophysical measurements 

allow spatial and temporal changes to be monitored over larger volumes. 

Unfortunately, geophysical methods also suffer from some deficiencies. Firstly, they are often 

ambiguous, that is, several subsurface models explain the data equally well. Depending on the 

method(s) employed, they can offer only limited spatial and/or temporal resolution. Finally, geophysical 

methods yield physical material properties, such as elasticity parameters, density, or electrical 

conductivities, and it is not straightforward to translate these material properties to parameters of interest 

(i.e., temperature, pressure, etc.). 

2.2  Geophysical monitoring  

2.2.1 Introduction 

It is commonly accepted that radioactive waste repositories must be constructed to be passively safe 

for a long time period, up to millions of years. Often, monitoring is requested to confirm that repository 

conditions are consistent with safety assessments. IAEA technical documents and safety standards 

compile current knowledge on monitoring purposes, goals and requirements [8][9][10][11][12]( and 

serving as non-binding guideline in many disposal programmes.  

International research further developed deduced workflows and methods for parameter selection to 

support development and implementation of monitoring projects that are consistent with the typically 

stepwise evolution of repository programmes (White & Scourfield, 2019; Farrow et al., 2019). In the case 

of repositories for high-level radioactive waste, knowledge of the spatial and temporal variations of 

parameters such as temperature, pressure or water content is considered important. In principle, this 

can be obtained with a dense sensor network, with which all these parameters can be measured directly. 

However, this imposes several problems. First, the placement of the sensors may affect the integrity of 

the repository barriers. Furthermore, the placement of a sensor may locally disturb the embedding 

material, and the measurements may therefore not be representative. Finally, the sensor data represent 

only point information, which may not be representative for the entire volume of interest. 

With geophysical methods, the problems mentioned above can be addressed. They can be performed 

in a non-destructive and non-intrusive fashion. Therefore, the integrity of the barriers remains 

unaffected, and the embedding material is not disturbed locally. Most importantly, repeated geophysical 

measurements allow spatial and temporal changes to be monitored over larger volumes.  

In the framework of earlier projects, possibilities, and limitations of geophysical monitoring of high-level 

radioactive repositories have been investigated. Geophysics offers a wide range of methods, ranging 

from potential field methods (gravity, magnetics, geoelectrics) over inductive electromagnetic methods 

to wave propagation methods (seismics and ground-penetrating-radar (GPR)). For monitoring 

radioactive waste repositories, geoelectrical, seismic and GPR techniques were judged to be most 

useful. Geoelectrical measurement arrays are relatively simple to install, and highly repeatable surveys 

can be carried out in an efficient manner. An example includes Yaramanci (2000) [30], and in the 

framework of the MODERN2020 project, extensive laboratory experiments were carried out 

(MODERN2020, 2020)[23]. 
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The potential of seismic methods was investigated in detail during MODATS WP predecessor projects 

ESDRED, MODERN and MODERN2020. As documented in various publications (Marelli et al., 2010 

[18]; Manukyan, 2011[14]; Manukyan et al., 2012[16]; Marelli et al., 2012[19]; Tisato and Marelli, 

2013[28]; Manukyan et al., 2017[17]; Manukyan and Maurer, 2020[15]), it could be shown that seismic 

methods, particularly full waveform inversions, can be a powerful option for monitoring. Likewise, the 

potential of GPR measurements has been explored. Maurer and Spillmann (2018)[22] have shown that 

such type of measurements can be useful. 

Geophysical methods suffer from some deficiencies: First, they are often ambiguous, that is, several 

subsurface models explain the data equally well. Depending on the method(s) employed, they can offer 

only limited spatial and/or temporal resolution. Finally, geophysical methods yield physical material 

properties, such as elasticity parameters, density or electrical conductivities, and it is not straightforward 

to translate these material properties to parameters of interest (i.e., temperature, pressure, etc.) to 

evaluate repository performance. 

In the framework of MODATS, the first (ambiguity) and the last (material properties of interest) problem 

will be addressed. As explained in more detail in the next section, this is achieved via joint inversions of 

several geophysical data types and data attributes, and by combining geophysical data with in-situ point 

measurements. Finally with the use of machine learning we demonstrate how geophysical methods can 

help to obtain tomographic images of moisture distribution. 

2.2.2 Problem analysis 

With geophysical methods one can non-intrusively obtain tomographic images of geophysical 

properties. However, these parameters cannot be directly used for assessing the state of repository. In 

the FE experiment, there are a large amount of point sensors within granulated bentonite mixture (GBM), 

two fibreglass pipes installed within GBM for geophysical measurements (cross-hole seismic and GPR 

measurements and single hole GPR, gamma-gamma and neutron log) and additional 3 seismic sources 

and 5 receivers attached at the floor and roof area within GBM. The aim of this work is to develop a 

methodology that allows obtaining spatial distributions of water content using geophysical information 

from geophysical measurements and local water content measurements. 

2.2.3 Research Objectives  

¶ The main objective of this research is to establish constitutive relationships that allow the physical 

material parameters, obtained from geophysical data, to be converted to geotechnical parameters, 

such as temperature, pressure, and water content.  

¶ Additionally, the complementary nature of different geophysical data will be exploited. This will aid 

setting up optimized monitoring networks and will ultimately allow traditional sensor (point) data to 

be extrapolated to 3D volumes. 

2.2.4 Overview of the development team 

Most of the work was carried out by Dr. David Sollberger (ETH Zürich). He is an expert in algorithmic 

developments and seismic data processing. Additionally, Prof. Dr. Hansruedi Maurer (ETH Zürich) 

dedicated part of his time to the project. Dr. Edgar Manukyan (Nagra) led the collaboration on Nagra 

side and supported the project with his expertise in geophysics, in-depth knowledge of the FE 

experiment as well as by providing the necessary data.  

2.2.5 Development steps followed during the MODATS project.  

1. Identification of suitable geophysical methods 

The first phase of the project was dedicated to the identification of the set of geophysical methods that 

is best suited to characterize the geotechnical parameters of interest. The focus lies on seismic methods, 

which were identified to be the most promising for the characterization of radioactive waste repositories 

(Maurer and Greenhalgh, 2012[21]). Besides the analysis of seismic travel time and attenuation 

measurements, it is explored whether full waveform inversion (FWI) techniques are suitable to extract 

accurate, high-resolution information on temporal changes in the seismic velocity and attenuation 

distribution. Tests are conducted using both synthetic data and field data from the FE experiment. 
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Synthetic data are generated based on models that are created using empirical relationships found in 

the literature (e.g., Tisato & Marelli, 2013[28]). If FWI turns out to be too challenging to be applied to the 

monitoring data (e.g. due to strong 3D effects, poor data quality, or data ambiguity), other methods might 

be explored that allow one to infer on weak temporal variations in the seismic properties. For example, 

coda wave interferometry was shown to be a highly sensitive technique to infer on weak changes in the 

medium using ultrasound (e.g., Planès & Larose, 2013[26]).  Additionally, we expect that the inclusion 

of information from GPR measurements will provide crucial, independent constraints on the geotechnical 

parameters of interest. We also expect that the accuracy of the extracted parameter distribution inferred 

with the tomographic tools can highly benefit from joint inversion approaches using structural 

constraints. We therefore attempt a joint inversion of the cross-hole seismic and GPR data (travel times 

and amplitudes). This should ideally improve the spatial resolution of the estimated parameters, 

hopefully enabling us to better link the extracted geophysical parameters with the direct measurements 

of the water content at sparse locations. 

2. Determination of constitutive relationships between geotechnical and geophysical 
parameters 

In this phase of the project, the constitutive relationships between the measured geophysical parameters 

and the geotechnical parameters of interest are established. Some geotechnical parameters might be 

available from direct point measurements at sparse locations. It is explored whether these parameters 

can be accurately extrapolated to larger volumes using either modelling (e.g., for the extrapolation of 

temperature measurements) or reconstruction techniques such as compressive sensing, which enable 

the accurate recovery of information from severely under-sampled data.  

It is expected that the relationships between the geophysical parameters and the geotechnical 

parameters are highly non-linear. If enough calibration data are available (e.g., from the extrapolated 

point measurement data) these non-linear relationships could potentially be learned from the data using 

supervised machine learning techniques as recently shown by Klessens et al. (2021)[13].  

2.2.6 Material and method  

In this work we used geophysical measurements performed within the FE experiment that were 

performed from 2015 until 2021. These data were used to check eligibility of full waveform inversion and 

coda wave interferometry. Furthermore, we developed structurally constrained joint inversion code of 

seismic and GPR travel times and amplitudes. The code was applied to FE data sets to obtain velocity 

and attenuation tomograms. Finally, to obtain a relationship between geophysical and geotechnical 

properties we applied XGBoost algorithm. Details on the individual method developments and 

corresponding results are provided in the Results chapter. 

2.2.7 Description on the on-field test used during the project. 

Since 2015, the FE Experiment is running in the Mont Terri Rock Laboratory. Its main objective is to 

demonstrate that high-level radioactive waste can be stored safely in a deep geological repository 

(Müller et al. 2017 [24], Fisch et al. 2019[6]). For that purpose, a 50-m-long, 3 m diameter tunnel was 

excavated (Figure 1) that should mimic a full-scale repository. High-level radioactive waste canisters are 

simulated by placing three heaters within the tunnel. After their installation, the tunnel was backfilled 

with a granulated bentonite mixture (GBM) using a backfilling machine with five screw conveyors. The 

installation and backfilling of FE Experiment was done step wise. After each step of backfill the GBM 

slope was scanned, and average backfilling densities were estimated. The heaters were then switched 

on, and temperatures reached approximately 130 °C on the heater surfaces, and, depending on the 

position, 45 °C to 60 °C at the tunnel walls. Finally, the tunnel was sealed with a shotcrete plug. 

As described in Müller et al. (2017) [24], more than 1'500 sensors were installed for monitoring relevant 

physical parameters (temperature, pressure, relative humidity, etc.). For geophysical monitoring of 

temporal changes of the GBM, two fiberglass pipes were inserted prior to the installation of the shotcrete 

plug. As shown in Figure 1, these pipes extend beyond the heater H3. They were employed for a variety 

of borehole logging surveys (gamma-gamma and neutron logs) and cross-hole measurements 

(seismics, GPR).  
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2.2.1 Results  

Full Waveform Inversion 

To translate geophysical parameters to geotechnical parameters (the main objective of this project), it 

is crucial to estimate the geophysical parameters as accurately as possible and at a high spatial 

resolution. Full waveform inversion was therefore identified at an early stage as a method of primary 

interest to be applied to the FE data. However, a key disadvantage of FWI is that it constitutes an attempt 

to solve a highly non-linear, and non-convex optimization problem that can easily get trapped in local 

optima. This problem is especially severe if the observed experimental data is complex (i.e., due to 3D 

effects, low data quality, complex heterogeneous media, etc.) 

We made use of the software package Salvus (Afanasiev et al., 2019 [1]), developed by Mondaic AG to 

try and apply FWI to the cross-hole seismic data collected during the FE experiment. Salvus relies on 

the spectral element method to solve the forward problem (i.e., the solution of the elastic wave equation). 

The initial model is then iteratively updated using an optimization scheme that is based on the adjoint 

method (Fichtner et al., 2006) by minimizing the difference between the observed data and the simulated 

data. The difference can be formulated using different misfit functionals, where typically an L2 misfit is 

used.   

 

Figure 1: Side-view of the FE experiment. GP1 and GP2 are the two geophysical pipes within which crosshole 

seismic and GPR data is acquired. H3 marks the position of the third heater. Permanently installed acoustic sensors 

are marked in red. 

 

Figure 2: Attempt to apply full waveform inversion to the FE cross-hole seismic data. Shown is data from a single 
source location, recorded on 80 receivers. Simulated data obtained using the spectral element method in an initial 
model is shown in black and is interleaved with the observed data shown in red. Note the complexity of the observed 
data. 
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We tried to apply the following full waveform inversion strategy: 

¶ Data filtering to remove undesired ringing. 

¶ 3D to 2D conversion of the data (since the simulations are done in 2D, leading to amplitude 

differences). 

¶ Data windowing to suppress energy arriving before the first arrival. Initially, only a short time window 

around the first arriving energy is sought to be fitted, the window is then subsequently opened to 

include more data). 

¶ Estimation of source-time-function and receiver-coupling factors.  

¶ Inversion was performed by initially only fitting the low-frequency content and subsequently 

gradually adding higher frequencies.  

¶ L2-misfit functional was used for the solution of the optimization problem. 

A comparison between the observed data (in red), and the modelled data (in black) obtained using an 

initial guess (starting model) is shown in Figure 2. The Figure illustrates that the observed data is 

characterized by a relatively low signal-to-noise ratio and is dominated by ringing reverberations and 3D 

effects (energy arriving from outside the source-receiver plane). A significant amount of energy seems 

to arrive earlier than the expected P-wave first arrival (the two events seen in the synthetic data mark 

the P- and S-wave first arrivals). We interpret this energy to be related to refracted waves originating 

from the tunnel walls. 

Due to the low signal-to-noise-ratio and the pronounced 3D artefacts, it was not possible to obtain 

reliable velocity models by means of seismic full waveform inversions. However, it is important to note 

that this is rather a problem of the FE seismic data set and not the full waveform inversion technique in 

general. Its usefulness has been demonstrated in many other projects (e.g. Manukyan et al. 2012, [16]). 

Coda wave interferometry 

Unlike full waveform inversion, Coda wave interferometry (CWI) is a purely comparative technique, 

meaning that it can only be used to infer on relative changes in the medium instead of delivering absolute 

values of the geophysical parameters. However, these changes can be inferred even if the perturbations 

in the medium are very small (e.g., fractions of a percent of perturbation in the seismic velocities), 

providing significant improvements in both accuracy and precision compared to conventional methods. 

This makes it a very valuable and sensitive tool for real-time monitoring.  

Another key advantage of CWI is that it benefits from data complexity due to 3D effects and multiple 

scattering, since these are exactly the phases that are exploited due to their increased sensitivity to 

medium perturbations. Additionally, CWI can be applied to data with a relatively low signal to noise 

ratio since CWI is generally less susceptible to the presence of noise, as it uses many more data points 

(the full signal), providing more robust estimates (Singh et al., 2019 [27]).  

For these reasons, we identified CWI as a potentially beneficial method for long-term monitoring of 

radioactive waste repositories. Especially given the challenges encountered when trying to apply full 

waveform inversion to the FE data (3D effects and low signal-to-noise ratio). To evaluate the potential 

of the method, we tested it on the semi-continuous seismic data recorded during the FE experiment. 

The semi-continuous recording is done by automatic activation of 4 sources one by one and recording 

of the resulting signal by an array of 13 receivers. 3 of the sources and 5 of the receivers are permanently 

installed in GBM. One source and 8 receivers are installed in GP1 and GP2 (see Figure 1), respectively. 

They are removed before every geophysical campaign and reinserted afterwards.   

The semicontinuous seismic measurements were carried out daily between 22:00 and 06:00 of the next 

day. The selection of this time interval allows one to minimize seismic noise coming from human 

activities in Mont Terri. Each seismic source is activated once per hour to generate 1'024 repeatable 

signals one after another. The waves reaching the receivers are then stacked and recorded. 

Semi-continuous data for two different source and receiver pairs are displayed in Figure 3. Note the long 

reverberating coda following the first-arriving energy, suggesting that this data can potentially be used 
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to apply coda wave interferometry. The apparent decrease in the travel time of the first-arriving energy 

over the years indicate that the seismic velocities are increasing as the GBM expands during saturation. 

An abrupt decrease in the signal-to-noise ratio can be observed for both receivers (occurring in May 

2019 for receiver 1 and in October 2018 for receiver 4). The reason for the sudden drop in the data 

quality is not entirely clear but is likely linked to the deterioration of the sensors over time. Note that the 

signal to noise ratio of the more distant receiver 4 is significantly lower than the one of receiver 1, making 

it impossible to pick accurate first arrivals for conventional travel-time analysis.  

We implemented CWI in MATLAB and attempted to apply it to the semicontinuous seismic data. The 

result for the same two source-receiver pairs as in Figure 3 is shown in Figure 4.  

 

Figure 3: Semi-continuous data for two source-receiver pairs. The top panel shows data for source 1 (located at 

the top) and receiver 1 (located at the top). The bottom panel shows data for source 1 and receiver 4 (located on 

the floor). 

For the high-quality data (Source 1 ï Receiver 1), the continuous velocity increase of the GBM is 

retrieved with high accuracy and precision. The rate of velocity increase seems to be slowing down over 

time. Yet, today the seismic velocities still seem to be increasing more than 6 years after the tunnel was 

backfilled.  
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Interestingly, the increase in seismic velocities can also be inferred from the lower quality data (Source 

1 ï Receiver 4) despite the very low signal-to-noise ratio, which at times even makes it difficult to visually 

identify the signal. This indicates that coda wave interferometry is indeed very robust towards high levels 

of noise and is therefore a suitable method to be applied to the challenging FE dataset. There are certain 

time periods, where coda wave interferometry seems to yield unreliable results (marked in red in Figure 

4). Here, the signal-to-noise ratio appears to be too low for the method to work reliably. We expect that 

the results can be further improved by stacking multiple repeated signals each night (here, we only 

looked at the data recorded around midnight). Additionally, increasing the recording time beyond the 

~35 ms used so far and thereby increasing the number of data points that go into the analysis might 

help to improve the robustness towards noise.  

 

Figure 4: Inferred velocity increase of bulk seismic velocity of the FE GBM obtained by applying coda 

wave interferometry to the semi-continuous seismic data. Time periods where no stable results could 

be obtained are marked by red rectangles. 

Joint inversion 

Due to the lack of a suitable public software package, we have implemented our own joint inversion 

tomography code for cross-hole seismic and GPR data based on structural coupling with cross-gradient 

constraints.  

Figure 5 shows a synthetic data test of our newly developed code. We used a source and receiver 

geometry that resembles the geometry of the FE experiment. We first generated a synthetic traveltime 

and GPR amplitude dataset using a velocity and attenuation model that includes two rectangular 

anomalies that should mimic a dry (low seismic velocities, high GPR velocities and low GPR attenuation) 

and a wet zone (high seismic, low GPR velocities and high GPR attenuation). We then tried to 

reconstruct this model by travel time and amplitude tomography. We first inverted the seismic and GPR 

data individually (middle panels in Figure 5) and then attempted to jointly invert the datasets with our 

structurally-coupled joint inversion code (bottom panels in Figure 5). The results show that the joint 

inversion approach helps to better reconstruct the true location, shape, and velocity of the two 

anomalies.  
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Figure 5: Test of the joint inversion code that was developed within MODATS. Top: True seismic and GPR velocities 
and GPR attenuation models used to generate a synthetic dataset. Middle: Inversion obtained by individual 
inversion of the seismic and GPR dataset. Bottom: Inversion obtained using a structurally-coupled joint inversion 
with cross-gradient constraints. 

We jointly invert seismic and GPR data for the 10 consecutive crosshole experiments listed in Table 1. 
GPR and seismic first-arrival travel times were manually picked in an initial step and subsequently 
refined using a cross-correlation procedure. GPR amplitudes were determined by picking the maximum 
amplitude in a 3 ns time window around the manually picked first breaks. No amplitudes could be picked 
for the seismic data due to the very poor data quality, which is likely caused by poor coupling of the 
piezoelectric sensors to the granulated bentonite mixture. While seismic data quality seems to have 
significantly improved over time, the quality of the GPR data deteriorated over time so that no travel 
times could be picked for an additional 11th experiment that was conducted in the summer of 2022.  

Jointly inverted tomographic images of GPR velocity, GPR attenuation, and seismic velocity are shown 

in Figure 6 for each of the ten consecutive experiments. Results are shown after 10 Gauss-Newton 

iterations. We observe a general decrease in GPR velocity and a simultaneous increase in GPR 

attenuation and seismic velocity over time. This meets the expected behaviour of the geophysical 

parameters as the granular bentonite mixture gets more and more saturated with water as time 

progresses. From experiment 4 onward, two zones exhibiting significantly increased radar attenuation 

and seismic velocity and decreased radar velocity appear to form close to the two fibreglass pipes in 

the region of the heater at around 23ï25 m, marking a zone of potentially significantly increased 

humidity. Sandwiched in between these potential wet zones is a region with significantly decreased 

radar attenuation and seismic velocity, and increased radar velocity. 

 

 

 

Table 1: Dates of consecutive cross-hole GPR, cross-hole seismic, and single-hole neutron log experiments used 
in this study. 

Experiment number Acquisition dates 
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 GPR Seismic Neutron log 

1 2015/02/17 2015/02/18 2015/02/16 

2 2015/05/19 2015/05/28 2015/05/27 

3 2015/09/03 2015/08/27 2015/08/29 

4 2016/02/03 2016/02/05 2016/02/04 

5 2016/08/26 2016/08/30 2016/08/25 

6 2017/05/17 2017/02/24 2017/02/21 

7 2018/05/24 2018/02/09 2018/05/28 

8 2019/03/26 2019/03/27 2019/03/23 

9 2020/09/24 2020/09/29 2020/09/26 

10 2021/06/01 2021/06/10 2021/06/05 

Machine Learning 

While the tomograms presented in Figure 6 contain a rich amount of information on the spatial variations 

of the geophysical properties of the granulated bentonite mixture within the repository, they are not 

particularly easy to interpret. It would be advantageous to translate the geophysical properties to 

geotechnical parameters ï such as water content, temperature, and pressure ï that are of direct interest 

for the evaluation of the repository state. From direct temperature measurements in the FE experiment 

we know that the temperature distribution quickly reaches quasi-steady state after the heaters are turned 

on. Hence, after the quasi-steady state is reached, we do not expect that temperature plays a significant 

role in the observed temporal evolution of the geophysical parameters. Water saturation, on the other 

hand, seems to be a key factor driving the evolution of the geophysical parameters. Experimental data 

from laboratory measurements directly linking the water content in bentonite to geophysical parameters 

are only available for seismic velocities of pressed bentonite blocks, for which a non-linear relationship 

was observed (Tisato & Marelli, 2013 [28]). A direct translation of the tomographic images to an image 

of water content based on empirical relationships is thus not possible. 
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Figure 6: Joint tomography results for 10 consecutive crosshole GPR and seismic surveys in the FE experiment. 
Note the increase in GPR attenuation and seismic velocity over time, and the decrease in GPR velocity, as the 
granulated bentonite mixture gets saturated with water. Vertical dashed lines mark the back of the concrete plug 
and the front of the third heater, respectively (see Figure 1). The cross and the asterisk mark two positions where 
direct water content sensors were installed. Results are only plotted in regions with significant ray coverage (>50 
rays) in order to avoid interpreting results in regions with low sensitivity. 

We therefore pursue a fully data-driven approach where we use direct measurements of relative 

humidity available from sparse point sensors to establish constitutive relationships with the geophysical 

parameters by employing a machine-learning model. Machine-learning has been widely proven as a 

powerful tool for non-linear regression tasks such as the one at hand. Here, we use the supervised 

machine-learning technique of gradient tree boosting (Friedman, 2001 [7]), specifically the open source 

package XGBoost (Chen & Guestrin, 2016) to train an ensemble of weak learners (shallow decision 

trees) that enable us to predict the relative humidity given tomographically estimated geophysical 
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properties (Note that any machine learning technique could be applied for this regression task. Here we 

choose gradient-boosted trees since they have proven to be accurate for non-linear regression tasks, 

they train fast, and allow us to evaluate feature importance. Gradient-boosting has been shown to 

usually outperform random forests (e.g., Piryonesi & El-Diraby, 2020 [25]). As input features for training, 

we use the geophysical parameters (seismic velocity, radar velocity, and radar attenuation) extracted 

from the tomographic images at the point that lies closest to a given point sensor that directly measures 

relative humidity. We then attempt to fit a gradient-boosted tree model that enables the prediction of the 

relative humidity based on these features. Unfortunately, only two functioning water content sensors lie 

reasonably close to the tomographic plane (<30 cm away). The locations of these two sensors are 

marked by a cross and an asterisk in Figure 6. The resulting training data set of only 20 samples is thus 

too small to fit a meaningful machine learning model that enables a reliable prediction of the relative 

humidity in a quantitative fashion. 

Hence, since neutron logs are sensitive to the amount of hydrogen atoms in surrounding environment, 

we attempt to use neutron logging data as a second, alternative direct measurement that is indicative 

of the water content. As neutron logging data is available every 5 cm along the two fiberglass pipes, that 

largely increases the data pool that can be used to train a machine learning model and to establish a 

constitutive relationship with the geophysical parameters. The larger data pool also enables us to 

evaluate the performance of the gradient-boosted tree model on independent test data. 

We trained independent gradient-boosted tree models to directly predict water content (trained using 

the only 20 data points from direct water content sensors) and to predict neutron log units (a total of 

1187 data points were available from which 80 % were randomly selected for training and 20 % were 

randomly selected to test the performance of the model). Optimal hyperparameters for the latter 

XGBoost model were determined using an optimization procedure that maximizes the model score on 

the independent test data (Bergstra et al., 2013 [2]). Default hyperparameters were used for the first 

model due to the lack of available test data. 

Figure 7 shows a scatter plot of the predicted neutron log value versus the true neutron log value for all 

samples of the independent test dataset. Results are shown for two models using different input 

features: the first model uses the tomographic images obtained by joint inversion, whereas the second 

uses the images from individual inversions. In the case of a perfect prediction, all samples would fall 

onto a line of unit slope. Since there are uncertainties in both the input features (tomographic images) 

and the output labels (neutron log data), a perfect prediction is not desired since that would indicate 

over-fitting. Both models fit the data well, indicating that the neutron log values can indeed be 

quantitatively predicted from the geophysical parameters. With a correlation coefficient of R = 0.93, the 

predictions based on joint inversions match the true values slightly better than the predictions based on 

individual inversions (R = 0.90). 

After training, we applied the machine learning models to the tomograms in Figure 6, yielding predictions 

of the water content and neutron log units at each pixel of the geophysical inversion grid. The results 

are displayed in Figure 8. 

Generally, both predictions show the expected increase in water content and decrease in neutron log 

units over time with specific regions of increased humidity forming early on close to the two fiberglass 

pipes, where wet spots (previously known from tunnel mapping) exist. Due to the limited amount of data 

that could be used in the training of the model for the direct prediction of the water content, a quantitative 

interpretation of the values of the predicted water content distribution should be avoided but, 

interestingly, a good qualitative match of the overall estimated humidity distribution can be observed for 

the two independently trained models. 
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Figure 7: Evaluation of the performance of the trained machine learning model for the geophysical prediction of 
neutron log values. Note that the model that is trained using the joint inversion results as input features appears to 
outperform the model that is trained on results from individual inversions. 

 

Figure 8: Estimated distribution of relative humidity (left) and virtual neutron log measurements (right) 
predicted from jointly inverted geophysical tomograms using a machine learning model. 
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2.2.2 Discussion about the results obtained.  

Full waveform inversion 

Even with the conservative full waveform inversion strategy outlined in the previous section, we could 

not obtain any reasonable model updates and the inversion algorithm kept getting trapped in local 

minima. This ultimately led us to the conclusion that FWI is not a suitable method to be applied to the 

FE experiment data, requiring the search for alternative methods. The primary reasons for this are the 

low signal-to-noise-ratio and substantial off-plane effects that deteriorate 2D inversions. 

Coda wave interferometry 

We have demonstrated that coda wave interferometry can be used to efficiently track small perturbations 

in the seismic velocity that cannot be observed with other geophysical methods. The main limitation of 

coda wave interferometry compared to tomographic methods such as travel time tomography or full 

waveform inversion is that it only enables the estimation of a bulk increase or decrease of the seismic 

velocity. It is difficult to extract information on where exactly this velocity change occurs since the 

scattered coda waves sample a much larger volume of the medium than the direct waves that are 

typically used in tomographic methods. It is expected that the sensitivity is restricted to a volume 

surrounding the source and receiver pair, where the sensitivity is highest close to the acquisition 

hardware (see sensitivity kernels in Margerin et al., 2016 [20]). An additional limitation of the method is 

that it requires that the analyzed signals are highly repeatable. This repeatability might not be 

guaranteed if the coupling of both the sources and the receivers varies over time. This makes it difficult 

to apply the technique to the cross-hole measurements in the FE experiment where significant waveform 

differences can be observed after each reinsertion of the source and the receivers due to geophysical 

campaigns. In the current state, CWI is likely not a suitable technique for the accurate inference of the 

spatial distribution of seismic velocities inside a repository. However, given the results obtained during 

this study, we expect that CWI could be used in the future to refine the temporal resolution of the 

geophysical parameter distribution obtained by tomographic methods that depend on a more time-

consuming acquisition process and, therefore, are typically only obtained periodically (i.e., with a low 

temporal resolution). 

Joint Inversion 

We have developed a structurally constrained joint inversion algorithm for the simultaneous inversion of 

seismic and GPR traveltime and attenuation data. The algorithm was checked on a synthetic data set 

and then was applied to the data collected within FE experiment. Results suggest that such an approach 

allows us to better constrain the location, shape, and values of anomalies.  

Machine Learning 

To further evaluate the quality of the images of predicted neutron log values that we obtained from the 

geophysical tomograms, we extract the values at the pixels that lie closest to the location of the two 

direct water content sensors for each of 10 repeated experiments. Figure 9 shows a comparison of the 

directly measured relative humidity with the negative value of the predicted neutron log at these two 

locations. Due to the direct link of neutron log units with water content, we expect to see a correlation 

between these two parameters. However, the former is obtained in a purely non-invasive fashion by 

geophysical tomography, while the latter is intrusively measured in-situ. For the predicted neutron logs, 

we again show two independently obtained results, where the first was obtained using the geophysical 

tomograms from joint inversion and the second was obtained using geophysical tomograms from 

individual inversions (in both cases, machine learning models were trained using the respective 

tomograms as input features). At sensor location 1 (asterisk in Figure 9, a generally lower water content 

is observed than at sensor location 2 (cross). The independently obtained, estimated neutron log values 

appear to clearly resolve this difference in humidity (i.e., lower neutron log values are predicted at sensor 

2). The overall increase in water content over time is reflected well by the decrease of predicted neutron 

log values at both sensor locations. Interestingly, the true evolution of the water content seems to be 
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better recovered when using a joint inversion approach rather than performing individual inversions of 

the three datasets. 

Other considerations / Applicability 

This work has shown that geophysical monitoring has the potential to extract tomographic images of 

water content information of bentonite. Further research is needed to check the applicability and 

limitations of the method for the cases when geophysical sensors are located further away from the 

repository tunnel. 

 

Figure 9: Comparison of directly measured relative humidity at two-point sensors with completely independently 

obtained geophysical predictions of the neutron log values. 
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2.3 Spectral Induced Polarization 

2.3.1 Introduction 

Deep geological disposal facilities under development or being planned in many countries will rely on 

plugs and seals to isolate and contain sections of the repository during the operation phase and for the 

whole repository at closure. The plug and sealing systems that will be used in the facilities have typically 

two roles: (i) to restrict material movement, and (ii) to control water flow. The design of these seals often 

includes the installation of a bentonite-based swelling clay core. The overall performance of these clay 

cores will depend on their characteristics and immediate environment (degree of saturation, 

heterogeneity, water chemistry, permeability, presence of a damaged zone) as well as on the stresses 

to which they are likely to be subjected to (saturation defect, sliding of the support masses). Therefore, 

the monitoring of these different physical and petrophysical parameters during the operating phase 

appears to be a key element in supporting post-closure safety, as it must ensure that the behaviour of 

these components evolves favourably towards the desired final state.  

Nevertheless, there are technical problems in monitoring these seals, such as ensuring a global 

monitoring of these structures without jeopardizing their confining properties. Geophysics, particularly 

electrical geophysics, is potentially an ideal way to overcome this problem as: (i) it can be designed in 

a non-intrusive manner; (ii) it is sensitive to variations in water and clay content; (iii) it allows dynamic 

phenomena to be monitored over time and (iv) it allows local anomalies to be captured those isolated 

sensors cannot detect. 

Among the electrical methods available, Spectral Induced Polarisation (SIP) appears to be the most 

suitable, as it is not only sensitive to variations in water content but also to the mineralogical and 

chemical variability of the water. Moreover, this non-intrusive monitoring method has made a spectacular 

leap forward during the last decade, with regards to geophysical imaging and petrophysical analysis of 

sedimentary rocks. Indeed, thanks to new physical models (Revil, 2012[42], 2013[43]), it is possible to 

relate the parameters from SIP to permeability (Revil and Florsch, 2010[45]; Revil et al., 2015[46]), 

which constitutes a completely new method for imaging the permeability of porous/fractured media. For 

comparison, this is not possible with the conventional electrical resistivity imaging method, which 

includes two contributions (volume and surface) that cannot be separated. 

SIP could thus broaden the range of non-destructive methods usually used (acoustic, electrical 

resistivity, etc.) for large sealing structures and consequently complete the range of innovative sensors 

previously used and developed in the in-situ tests of the European Modern2020 project to monitor and 

characterise the saturation of a swelling clay seal.  

2.3.2 Problem analysis 

The main petrophysical parameters that were investigated are: Water content, saturation, dry and bulk 

density, bentonite and sand ratios, pore water chemistry. 

2.3.3 Research Objectives  

¶ Extend the studies carried out during the Modern2020 project on innovative non-intrusive 
monitoring techniques for engineered barrier systems.  

¶ Build a spectral induced polarised (SIP) model for bentonite swelling clays for different hydric, 
chemical and mechanical environments. 

2.3.4 Overview of the development team 

Most of the work will be carried out by Jad El Alam (IRSN). He is a PhD student at the University Savoie 

Mont-Blanc (USMB) and IRSN. His supervisors are André Revil (USMB), Alessandro Tarantino 

(University of Strathclyde) and Pierre Dick (IRSN). His allocation for the project is 36 months (50% 

workload on MODATS). Pierre Dick is the project manager of this project. He is responsible for the project 

management and reporting.  
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2.3.5 Development steps follow during the MODATS project.  

¶ Bibliography 

¶ Determination of a SIP model for pure bentonite (MX80) 

¶ Determination of a SIP model for bentonite (MX80) and sand mixtures with deionised water 

¶ Determination of a SIP model for bentonite (MX80) and sand mixtures with an hyperalkaline 

solution (pH 13.5) 

¶ Drafting PhD manuscript 

Activity Q4 
2021 

Q1 
2022 

Q2 
2022 

Q3 
2022 

Q4 
2022 

Q1 
2023 

Q2 
2023 

Q3 
2023 

Q4 
2023 

Q1 
2024 

1. Bibliography           

2. SIP model for 
pure bentonite 

          

3. SIP model for 
bentonite and 
sand mixtures with 
deionised water 

          

4. SIP model for 
bentonite and 
sand mixtures with 
an hyperalkaline 
solution (pH 13.5) 

          

5. PhD manuscript           

2.3.6 Material and method  

The raw materials used in manufacturing the samples are MX80 bentonite powder, Fontainebleau sand, 

de-ionised water, saline solutions (NaCl) and hyperalkaline (high pH) solutions. The samples 

manufactured from these materials are compacted in the form of cylindrical mixture (Figure 10) at a wide 

range of hydration states (gravimetric water content, volumetric water content and saturation), 

compaction states (bulk density, dry density and porosity), bentonite to sand ratios and pore water 

chemistry (de-ionised water, variations in NaCl concentration and hyperalkaline solution).  

 

Figure 10: Sample and impedance meter. a. Picture of a fabricated sample (the sample is 5 cm in diameter and 6 
or 8 cm in length). b. Position of the electrodes (A and B are the current electrodes and M and N are the voltage 
electrodes). c. Zurich Instruments MFIA Impedance Analyzer used to measure the complex conductivity spectra. 
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Once each sample is ready, 4 pre-gelled and disposable Ag-AgCl ECG (electro-cardiogram) medical 

electrodes are attached to the sample in a radial configuration (at 90° offsets from one another) (Jougnot 

et al., 2010a). Two electrodes (A and B) impose the current and two other electrodes (M and N) measure 

the potential at two points (Figure 10). The measurements are made right after the sample is made to 

minimize the effects of drying.  

Most of the measurements were done in the 1 Hz to 45 kHz range with a sampling rate of 100 which 

allows to capture the dependance of amplitude and phase on frequency at a high resolution. The 

measurement time highly depends on the frequency range and sampling rate. The frequency range 1 

Hz to 45 kHz was chosen because (i) smectite particles are relatively small and polarize at higher 

frequencies, (ii) field work with time-domain induced polarization is done at 1 Hz and (iii) at lower 

frequencies electrode drift affects the measurement accuracy more significantly. 

2.3.7 Results  

SIP results for pure bentonite. 

The result on pure MX-80 bentonite covers 69 samples made from two types of bentonites: one in the 

form of powder made from crushed pellets (Type I) with a homogenous grain size distribution (0.2 to 2 

mm) and the other in the form of a granular bentonite mixture (GBM, type II) with a wider grain size 

distribution comprised between 0.1 and 7 mm, at different compaction and saturations (with de-ionised 

water) states.  

The SIP measurements were performed using the high-precision MFIA Impedance Analyzer 

manufactured by Zurich Instruments. As expected, an increase was observed in both in-phase 

(representing electromigration of charge carriers) and quadrature (representing the ability of the material 

to hold charge) conductivities with higher volumetric water contents (ɗ). Preliminary results indicate for 

a wide range of volumetric water content (16 ï 60%) the measured conductivity values span between 

two orders of magnitude for the in-phase and quadrature conductivities, indicating that such a difference 

is detectable using the SIP method (Figure 11). 

 

Figure 11: In-phase and quadrature conductivity spectra of three core samples characterized by distinct water 
contents (here expressed in Vol.%). a. In phase conductivity spectra. b. Quadrature conductivity spectra. 

The CEC of the two bentonites were measured using the cobaltihexamine method (Guillaume 2002 

[36]). A CEC of 81.9 ± 0.64 cmol(+)/kg (81.9 meq/100 g) was obtained for the crushed pellets MX80 

(Type I) and 87.2 ± 0.64 cmol(+)/kg (87.2 meq/100 g) for the GBM (Type II).  

The surface conductivity („) representing the conduction along the surface of the grains and the 

formation factor (F) were calculated using a linear conductivity model and samples made with solutions 

at controlled conductivities (NaCl, 25°C) (Figure 11). The conductivity of the saturated samples (mixed 

with the saline solution) is plotted against the conductivity of the pore water at saturation. Using the 

linear conductivity model (represented by the best fit on Figure 12), we obtained values of „=0.26 S m-
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1 and F=14 at a porosity of around 53Ñ2%. Then, using Archieôs law, we obtained the cementation 

exponent m, which was determined at 4.5. Finally, we used sample E28 to estimate the pore water 

conductivity of our database as it is fully saturated and has a similar porosity. 

An induced polarization model based on the dynamic Stern layer model is used to explain this dataset. 

We obtained a new relationship that links the petrophysical parameters to both in-phase and quadrature 

conductivities as well as normalized chargeability values, which were obtained by calculating the 

difference of in-phase conductivity between 10 kHz and 1 Hz:  

' m p

w Ss q s q= + S
  (7) 

" p SR
s q

a

S
=

   (8) 

p

n SM Rq= S
   (9) 

CECgS BrS ¹
  (10) 

Where „ and „  are in-phase and quadrature conductivities, ⱥ is volumetric water content, ” is grain 

density, R is a dimensionless ratio of apparent mobilities (surface conduction vs. polarization), p is the 

saturation exponent, ὓ  denotes normalized chargeability, #%# is the cation exchange capacity and ×S 

is a constant for the studied material representing the characteristics responsible for charge 

accumulation along its grain surfaces with B representing the apparent mobility of counterions for 

surface conduction (the higher its value, the more mobile the counterions). 

 

 

Figure 12: Conductivity of the saturated samples (mixed with saline solution) versus the conductivity of the pore 
water at saturation and for a porosity of 0.53±0.02. Sample E28 (also fully water- saturated) is saturated with distilled 
water and has the same porosity than the other core samples (around 0.52), which indicates that the real 
conductivity of the pore water is around 2.5 S m-1 (25°C). The value of the formation factor and the porosity 
(0.53±0.02) yields a porosity exponent m = 4.5. The iso-conductivity line is the line for which the conductivity of the 

core sample is equal to the conductivity of the pore water. 

These models allow to predict the value of the hydration state of pure bentonite (ⱥ) purely from the three 

electrical parameters („, „  or ὓ ) (Figure 12).  

Preliminary results indicate that the two types of bentonites evolve in the same way but have a slight 

offset which could be linked to their grain size distribution (Figure 13). 
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Furthermore, to understand the behaviour of the surface and pore water conductivities, we compared 

the normalized ñchargeabilitiesò of the samples to their in-phase conductivities (Figure 14). The first 

results show that samples are either dominated by the surface or bulk conductivity. Currently, no clear 

relation can be found to explain why the measured samples are dominated by the surface or bulk 

conductivity.  Nevertheless, the relation between these two conductivities must be determined, as they 

are linearly dependent on the formation factors (e.g., cementation exponent) and in-phase conductivities 

of our samples. 

When we compare our results to other materials in terms of its surface conductivities and reduced CEC 

Figure 15), we observe that the results from this study represents one of the highest values. This is due 

to the high montmorillonite content in our samples (> 70).  

In addition to the model obtained allowing to predict volumetric water content, we obtained a relationship 

between saturation (Sr) and in-phase conductivity for pure bentonites. The use of linear and non-linear 

regression analysis enabled to predict the saturation and in-phase conductivity. Since both parameters 

can be obtained it is possible to calculate the porosity for each sample and estimate the dry density of 

the samples with an error of 12% between predicted and measured values. 

 

Figure 13: Dependence of the in-phase (A) and quadrature conductivities (B) on the Vol. water content for bentonite 
types I and II (plotted at 345 Hz). The data are fitted with power law functions which are described in the above text. 
The pre-factor is determined from the linear regressions. 

 

Figure 14: Normalized chargeability versus the in-phase conductivity (at 345 Hz). The red and blue lines represent 
the domination of surface and bulk conductivities, respectively. Since normalized chargeability is directly dependent 
on the ability of a material to hold charge (and thus CEC) and in-phase conductivity has both surface and bulk 
porewater conductivity components, this plot allows us to determine how our porous material is conducting current 
through both the pore and surface contributions.  The results closer to the blue line are consistent with a high value 
of pore water conductivity. 

A B 
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Figure 15: Surface conductivity versus the reduced CEC (CEC divided by the bulk tortuosity defined by the product 
of the formation factor and the connected porosity). COx stands for Callovo-Oxfordian clayrocks from the Paris 
Basin. The data on the volcanic rocks are from Revil et al. (2018)[47], Ghorbani et al. (2018)[35], and Revil et al. 
(2021)[48]. The MX80 bentonite in our database is characterized by the highest surface conductivity of all other 
materials. This is in line with what is expected by a material with a very high montmorillonite content, as surface 

conductivity is linearly related to CEC (model linking the two parameters illustrated with black line). 

 SIP results for bentonite/sand mixtures 

The dataset of bentonite/sand mixtures is composed of a total of 45 samples. We used the type I 

Wyoming MX80 bentonite and Fontainebleau sand. The Fontainebleau sand is a quartz sand (99.98% 

silica) with a narrow grain size distribution and a mean grain diameter of ~250 ɛm (Bourbie and Zinszner, 

1985 [31]; Doyen, 1988 [32]). 

The dataset of complex conductivity spectra covers different mass fractions of bentonite content (10% 

to 90%), dry density (0.97 to 1.64), temperature (in the range 10-60°C), and volumetric water contents 

(19 % to 76%). The polarization is mainly dominated by surface conductivity.  

We compared the experimental data with the dynamic Stern layer model to explain the observed trends 

found between the complex conductivity spectra and the mass fraction of bentonite at different hydration 

states. The results show that the relationship between the in-phase and quadrature conductivities does 

not agree with the prediction of the classical dynamic Stern layer model. Therefore, we propose a 

modified version of the dynamic Stern layer model that is consistent with the experimental data and 

could be used to interpret field data. 

The parametric model that can be used to interpret our observations can be summarized by two 

equations for the electrical conductivity and the normalized chargeability according to 

( )2.3

w B Ss q s g¤= + S  (11) 

3.3

n SM Rq= S   (12) 

where CECS BgBrS ¹  and the exponents are used to fit the experimental trends. With this parametric 

model, the surface conductivity linearly depends on the bentonite content but not the normalized 

chargeability or the quadrature conductivity. Between 100 Hertz and 1 kHz, the simplified expressions 

for the in-phase and quadrature conductivities * ' "is s s= +  can be written as,  

( )2.3' w B Ss q s g= + S,  (13) 

3.3" SR
s q

a

S
= .  (14) 
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Using gr  = 2800 kg m-3, B (Na+, 25°C) =3.1×10-9 m2s-1V-1, and CECB = 90 meq/100 g = 87×103 C kg-

1 yields SS = 0.75 S m-1. As the pore water conductivity is ws =0.21 S m-1, the prefactor for the in-phase 

conductivity is 2.3

0' 's s q=  with 0's = 0.96 S m-1 for pure bentonite. Figure 16 shows that the prefactor 

is 0's =1.1±0.2 S m-1 from the experimental data therefore in close agreement with the predicted value. 

Now we turn our attention to the prefactor for the quadrature conductivity. With a = 8 (based on the grain 

size distribution covering 4 orders of magnitude) and the value of the dimensionless number R = 0.10, 

the prefactor of the power law relationship for the quadrature conductivity is 0"s = SS R/a = 0.0095 S 

m-1. The observed prefactor is as 3.3

0" "s s q=  with 0"s =0.0124 S m-1 (see Figure 17) in agreement 

with the prediction.  

 

Figure 16: In-phase conductivity (345 Hz, 25°C) versus water content in volume for the entire collection of 
experiments reported in Table 1 (saturated and unsaturated samples). The data from the study of El Alam et al 

(2023)[34] have been added for the pure bentonite samples (gB =1). The power-law fit is used to obtain the value 

of the exponent m. The pure smectite data point (very high porosity of the gel of 0.90) is from Revil et al. (2018)[47]. 
The soil is the CG soil sample from the study of Revil et al. (2017)[46] (porosity 0.78, CEC 19 meq/100 g). The 
bentonite corresponding to the large red circle is sample B2 from Okay et al. (2014) (porosity 0.67, CEC 44.2 
meq/100g). 

  



EURAD Deliverable 17.7 ï Synthesis report on Innovative and Enhanced Equipment for Repository 
Monitoring 

EURAD (Deliverable n° 17.7) - Synthesis report on Innovative and Enhanced Equipment for 
Repository Monitoring 
Dissemination level: PUBLIC 
Date of issue of this report: 04/06/2024 

Page 

47  

 

Figure 17: Quadrature conductivity (345 Hz, 25°C) versus water content in volume for the entire collection of 
experiments reported in Table 1 (saturated and unsaturated samples). The data from the study of El Alam et al. 
(2023) have been added for the pure bentonite samples gB =1).  The power-law fit is used to obtain the value of 
the exponent p. The pure smectite data point (porosity 0.90, fully saturated) is from Revil et al. (2018). The soil is 
the CG soil sample from the study of Revil et al. (2017)[46] (porosity 0.78, CEC 19 meq/100 g). The bentonite 
corresponding to the large red circle is sample B2 from Okay et al. (2014) (porosity 0.67, CEC 44.2 meq/100g). 

The dry density is also an important parameter to understand and monitor as it affects the swelling 

pressure of smectite-rich materials. In saturated conditions, the quadrature conductivity can be written 

as, 

log " 3.3log log SR
s f

a

Så õ
= + æ ö

ç ÷
.  (15) 

Since the dry density can be written as (1 )d gr f r= -  and therefore 
( ) /g d gf r r r= -

. Inserting this 

relationship into equation (15), we obtain,  

log " 3.3log log
g d S

g

Rr r
s

r a

å õ- Så õ
= +æ ö æ öæ ö ç ÷ç ÷

. (16) 

In Figure 18, we plot the quadrature conductivity versus the dry density dr  (at constant temperature) 

and we observe a relationship consistent with the form of equation (16). The data can be fitted with the 

following relationship: 

2.65
log " 2.6 log 2.02

2.65

drs
-å õ

= -æ ö
ç ÷

. (17) 

Taking SS R/a = 0.0124 (see above), we have log( SS R/a)º-1.9 consistent with the estimate given 

above.  
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Figure 18: Quadrature conductivity (345 Hz, 25°C) versus dry density (saturated and nearly saturated samples with 
saturation >0.90). The data from the study of El Alam et al. (2023)[34] have been added (gB =1) also using only the 
saturated sample. The plain line corresponds to the fit of the data according to the relationship discussed in the 
main text with the dry density in g cm-3. 

SIP results for bentonite/sand mixtures with an hyperalkaline fluid 

A total of 54 experiments were conducted to analyse the effect of an hyperalkaline solution on the 

induced polarization response of MX80 bentonite and sand mixtures. We first measured the complex 

conductivity spectra 10 minutes after the preparation of the core samples (Figure 19) and then carried 

out 29 experiments on 29 new samples to analyse the evolution of the complex conductivity spectra 

over time (Figure 20).  

 

Figure 19: Complex conductivity spectra of 4 samples 

at the same bentonite mass fraction (gB = 0.4) and at a 
range of hydration states (saturations sw ranging from 

0.46 to 0.94 and volumetric fluid content q ranging from 
0.20 to 0.43) saturated with the same hyperalkaline 
solution. a. In-phase conductivity spectra. b. 
Quadrature conductivity spectra 

 

Figure 20: Example of time-lapse experiment. In-
phase and quadrature conductivity spectra for sample 

E124 (bentonite content gB = 0.4 and saturation sw = 
0.46), with measurements taken at different time steps, 
ranging from 10 minutes to 1056 hours. a. In-phase 
conductivity spectrum. b. Quadrature conductivity 
spectrum. The times are provided in hours from the 
assemblage of the samples. 

 

We assumed that the samples are isotropic and time-invariant during the time needed to perform each 

complex conductivity spectrum. Furthermore, as mentioned previously we have assumed that the 

smectite polarizes above 1 Hertz and the sand grains polarize below 1 Hertz.  
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For the static experiments, we note an increase of the in-phase and quadrature conductivity with the 

presence of the hyperalkaline solutions with respect to the spectra at near-neutral pH conditions. These 

changes are observed to be associated with the high conductivity of the hyperalkaline solution with 

respect to the experiment carried out on pure bentonite. The relationships established for pure bentonite 

regarding the dependence of the in-phase and quadrature conductivity with respect to the water content 

and saturation remains however valid.  

For the time-lapse experiments, we observed at the opposite with respect to the static experiments a 

decrease of both the in-phase and quadrature conductivities over time. These data can be fitted using 

an exponential decay function (Figure 21).  

 

 

Figure 21: In-phase and quadrature conductivity data at 345 Hz of one bentonite sample E127 (gB = 0.40) versus 
time (time-lapse experiment). The exponential decay was observed for the two components of the complex 
conductivity indicating the same process affecting the in-phase and quadrature conductivities. The relaxation time 
t results from the best fit of the exponential decay. A possible mechanism could correspond to the dissolution of 
some of the smectite within the samples due to the hyperalkaline solution and its transformation in illite. This 
illitization process releases also fresh water in the pore space, reducing the pore water conductivity. 

This evolution may be explained by the illitization process of the smectite contained in the bentonite 

thanks to the presence of potassium in the pore water solution (Figure 22). A small decrease of the CEC 

can be inferred from the quadrature conductivity while the in-phase conductivity values are consistent 

with a decrease of the ionic strength of the pore water (Figure 23). Indeed, illite is characterized by a 

smaller CEC than smectite and this CEC change explains the decrease of the quadrature conductivity. 

Furthermore, the illitization process is responsible for the release of fresh water (associated with the 

dehydration of smectite). This fresh-water release explains the decrease of the in-phase conductivity.  
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Figure 22: Illitization process of smectite in the 
bentonite because of temperature and pH conditions in 
presence of potassium. The process leads to a 
decrease of the CEC (the CEC of illite is substantially 
smaller than the CEC of smectite) and a decrease of 
the conductivity of the pore water since illitization 
releases water molecules from the dehydration of 

smectite. 

 

 

Figure 23: Evolution of the in-phase conductivity with 
time for three samples characterized by two values of 

the bentonite content. The relaxation time of the 
exponential decay remains in the range 220-290 

hours. 

 

2.3.8 Discussion about the results obtained.  

In this study we have developed power-law saturation models based on the dynamic Stern layer model 

that quantitatively and accurately determine the volumetric water content in our samples using laboratory 

measurements between 1 Hz and 45 kHz of in-phase and quadrature conductivity as well as normalized 

chargeability. The power-law models include relatively few parameters: the bulk conductivity (through 

the pores), the cation exchange capacity, the grain density, the apparent mobility of counterions for 

surface conduction and the cementation and saturation exponents (m and p, see Archieôs law). 

The parametric model can also be used for bentonite and sand mixtures and allows to determine the 

bentonite mass fraction of each sample. We also find satisfactory correlations between the electrical 

parameters and temperature at all saturations and bentonite fractions, meaning that if variations in 

temperature were to occur, with all other variables held constant, the effect of temperature on the IP 

response can be quantified. 

Furthermore, we observe a strong dependence of in-phase and quadrature conductivity on saturation 

when the mass fraction of bentonite is kept constant. Hence, the evolution of saturation in bentonite and 

sand mixtures can be monitored if the mass of the melange stays constant. 

Finally, we investigated the effects of dry density of samples that are saturated or at near saturated 

conditions (ί πȢω) and found that this parameter obeys an inverse logarithmic behaviour with 

quadrature conductivity using a non-linear regression. We find that higher dry densities lead to lower 

values of the imaginary component. Similarly, to the lack of link between this component and clay 

fraction, no direct explanation can be given yet and a more in-depth study needs to be done.  

The petrophysical investigations and results presented in this study can be applied to time-domain 

induced polarization data obtained in field conditions. Indeed, in the field tomography of time-domain 

induced polarization data can be performed to obtain tomograms of the conductivity and normalized 

chargeability. Theoretically, we could apply our models to field data to determine the water content and 

CEC tomograms. The conductivity of the pore water can be obtained using a speciation model 
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accounting for the solubility of the minerals (see as an example for the Callovo-Oxfordian formation, 

Leroy et al., 2007).  

However, field results using the models built within this project have yet to deliver satisfactory results. 

Nevertheless, induced polarization already appears as a promising method to monitor indirectly, through 

time and space, the petrophysical characteristics of sealing bentonites. From the lab to the field 

measurement there is a volume that should be investigated. 
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2.4  CHENILLE: Coupled beHaviour undErstaNdIng of 
fauLts: from the Laboratory to the fiEld 

2.4.1 Introduction 

The project realized in the frame of the EURAD consortium consists in the monitoring of an in-situ 

heating experiment in the URL of Tournemire, southern France. The overall objective of this project is 

to create a dataset that will allow to study the physical processes resulting from thermal and fluid loading 

on an existing, identified and characterized, fault zone. The idea here is to carry out a thermally 

controlled (with temperatures ranging from 15 to 150°C) in situ gas injection experiment in one of the 

faults accessible from the galleries. A heating system was installed in two boreholes close to the injection 

borehole (injection_1) to allow a precise and controlled incremental increase of the thermal load. The 

monitoring system of this experiment consists of borehole-supported temperature, pressure and 

seismic/acoustic observation shown in Figure 24.  

 

Figure 24: Top view of the Chenille experimental setup realized in boreholes (BH) at the URL Tournemire. Grey 
shaded areas include the damage and light red the fault core zone. 

2.4.2 Problem analysis 

The project aims at carrying out a thermally controlled (with temperatures ranging from 15 to 150°C) in 

situ gas injection experiment in one fault core zone accessible from the galleries. Two three-meter-long 

heaters were installed in aluminium cased boreholes (BH 29-30) about 1 m distance above and below 

the injection chamber (injector_1 in Figure 1) to allow a precise and controlled incremental increase of 

the thermal load. Fibre optic monitoring (DTS) was installed in four boreholes (BH2-5) of 20 m length 

and in the 30 m long injection borehole (BH1, see Figure 25). DTS technology enables borehole 

temperature monitoring to study hydrogeological processes at a frequency of about 4.5 minutes and a 

spatial resolution of about 0.5 m. The objective of this sub-task was to test our ability to install DTS 

equipment, perform this measurement type under extreme conditions, including the complete 

temperature range from 15 to 150°C, and compare the results to other techniques. In addition to the 

fundamental knowledge that this project will provide, it will lead to a significant improvement in current 

measurement methods in clay-rich material thanks to the combination of several geophysical techniques 

and complementary sensors, and more broadly in the context of monitoring underground installations at 

high temperature levels in complex geological environments. 

 

 



EURAD Deliverable 17.7 ï Synthesis report on Innovative and Enhanced Equipment for Repository 
Monitoring 

EURAD (Deliverable n° 17.7) - Synthesis report on Innovative and Enhanced Equipment for 
Repository Monitoring 
Dissemination level: PUBLIC 
Date of issue of this report: 04/06/2024 

Page 

53  

 

Figure 25: Multipacker system installed in the injection borehole BH1 isolating the fault core zone. The chamber 
length is 1.85 m. Pressure and temperature sensors are in the chamber and at the packers (black). Fibre optical 
cable is installed in up-(0 to 19.85 m) und downstream parts of the borehole (24.5 to 29.93 m). For further details 
see also Figure 27. 

2.4.3 Research Objectives  

The objectives of our work in the frame of the MODATS project are to:  

¶ Create a dataset that will enable identification and characterization of the physical processes 
resulting from thermal and fluid loading on a pre-existing fault zone.  

¶ Install the combination of heaters and optical fiber (FO) for distributed temperature 
measurements in boreholes in fractured medium (fault zone) 

¶ Investigate the thermal diffusion in a fault zone. 

In order to fulfil these objectives our work was divided into 3 sub-tasks that are related to the different 

monitoring and imaging techniques that we decided to use in order to monitor our THM experiment.  

2.4.4 Overview of the development team 

Carolin Böse, GFZ Potsdam,  

Dr. Carolin Böse is a scientist and seismologist with an extensive background in borehole- and URL-

based Acoustic Emission studies. She lead several passive seismic monitoring projects at the field scale 

in New Zealand (ICDP Alpine Fault Drilling Project, Contact Energy Wairakei Geothermal field), 

Germany (GEOREAL Kontinentale Tiefbohrung Project) and the decameter scale (STIMTEC-X 

hydraulic stimulation experiment at Reiche Zeche URL Freiberg, Germany). She has established the 

seismological skill set and tools for a comprehensive analysis of the seismic event data including stress 

field determination at various scales.  

Sven Fuchs, GFZ Potsdam 

Dr. Sven Fuchs is a senior scientist in Section 4.8 Geoenergy at GFZ, and is contact person for the 

reservoir monitoring. He holds a PhD in Geology from the University of Potsdam, Germany, and a 

Diploma in Hydrogeology from the Technical University of Berlin, Germany. His research is focused on 

the Earths thermal field and its relevance for geodynamic processes as well as for the technological 

utilization of the subsurface (exploration of resources, geothermal production, geological storage of 

energy and waste, etc.). This includes detailed studies of the heat flow evolution and associated rock 

thermal properties, considering the effects of geoscientific processes across scales and time. He has 

been principle investigator (PI), work package, and task leader in several major DFG, BGE and EU 

funded projects, e.g. WHDB project, ThermoBase, ITHERLAB, GeoPuR. 

Stefan Lüth, GFZ Potsdam 

Dr. Stefan Lüth is a senior researcher and group leader at GFZ. He has been working on active seismic 

imaging projects in various fields of application, including tectonic studies, underground storage of 

carbon dioxide, tunnel construction and characterization of geological formations for nuclear waste 

disposal. He has been the project coordinator for the seismic characterization and monitoring activities 

at the Ketzin Pilot Site for CO2 Storage throughout the operational phases until the final closure of the 

site. Within the EU funded projects CO2Sink and CO2Care, he has been working as the task and work 

package leader in the site monitoring work packages. He is currently also active as the PI of a seismic 

imaging experiment in the Mont Terri clay rock laboratory which is focusing at tomographic and reflection 

seismic imaging at the scale of an Underground Rock Laboratory (URL). 
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Audrey Bonnelye, Université de Lorraine 

Dr. Audrey Bonnelye Ass. Prof in Université de Lorraine. She is an experimental rock physicist with a 

strong interest on mechanisms of deformation at different scales (from µm to m scale) on complex 

materials (complex geometries, anisotropy). She is one of the co-PI of the CHENILLE (Coupled 

beHaviour undErstaNdIng of fauLts: from the Laboratory to the field, (Bonnelye et al., 2023) ) project in 

Tournemire URL. 

 

Rüdiger Giese, GFZ Potsdam 

Dr. Rüdiger Giese is a senior scientist in geophysics at the GFZ-German Research Centre for 

Geosciences in Potsdam. His research interests include development of high-resolution seismic 

exploration and monitoring systems for the application in tunnels and boreholes, VSP and MSP, mining 

geophysics, and scientific drilling. He is heading the underground seismic working group and Helmholtz 

Innovation Lab ñ3D-Underground Seismicsò at GFZ. He is responsible for the GFZ-Underground-Lab in 

the Research and Education Mine ñReiche Zecheò in Freiberg. Dr. Giese has mainly worked together 

with industry partners in the development of seismic hard- and software tools e.g. for tunnel and borehole 

seismic prediction. His works have resulted in a significant number of patents. 

2.4.5 Development steps follow during the MODATS project.  

I. Design of the experimental setup and of the monitoring systems according to their spatial and 
temporal resolution and range 

II. Installation of the monitoring sensor network and remote data transmission system 
III. Create baseline surveys as a basis for modelling of different scenarios of pressure, temperature 

evolution, crack formation and fluid movement along and through the different fault zones  
IV. Comparison with measured data and adaption of the THM model to reproduce this data 

 

Activity Q4 2021 Q1 
2022 

Q2 
2022 

Q3 
2022 

Q4 
2022 

Q1 
2023 

Q2 
2023 

Q3 
2023 

Q4 
2023 

Q1 
2024 

Q2 
2024 

1. Preparation of 
experimental 
test site and of 
measuring 
devices 

           

2 Active seismic 
surveys, data 
analysis & 
imaging 

           

3. Installation of 
DTS network in 
BH2-5, start of 
continuous 
temperature 
monitoring 

           

4. Installation of 
AE-sensors in 
BH6-9, start of 
continuous 
acoustic 
monitoring 

           

5. Installation of 
the injection 
system and FO-
sensors in BH1, 
start monitoring 
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of pressures and 
temperatures 

6. Installation of 
two new 
borehole 
heaters, start of 
heating 

           

 

2.4.6 Material and method  

Fibre optic monitoring under extreme conditions 

The former heating boreholes (BH2-5, Figure 1) house a 4 m long stainless-steel heating canister. The 

heaters contain spiral resistors enabling a heating power of 4000 W at 230 V. The heating canisters 

were designed to generate, incrementally, temperatures in the order of 150 °C in and around the vicinity 

of the injection interval.  

It was intended to monitor the temperature evolution along the four heating boreholes using distributed 

temperature sensing (DTS), which is placed according to the scheme presented in Figure 26. This is 

probably the most frequently applied fibre-optic sensing method, which has also been used with 

increasing success for geophysical applications in boreholes during the past 30 years (Henninges and 

Masoudi, 2020). 

 

Figure 26: Cross section of the insertion of the FO cables together with the heaters and tubes for cementation after 
installation in BH2-5. 

Using DTS technology, an optical fibre acts as the sensing element. As there are no electronic parts 

required, fibre-optic sensors have some advantages over conventional sensors, including ruggedness, 

flexibility and ease of deployment, high temperature tolerance, and immunity to electromagnetic 

interference. With a proper DTS installation and system, a measurement accuracy of +/- 0.3 °C can be 

achieved (e.g. (Henninges et al., 2005a)[59]). The resolution or repeatability of the measurement 

depends on a number of factors including the length of the fibre, and the integration time over which the 

data is averaged. As an example, for a fibre length of 1000 m and 10 minutes integration time, an RMS 

error of 0.02 °C has been reported (Voigt et al., 2011, [72]). For the DTS monitoring at Tournemire, an 

interrogator from Sensa is used, which enables measurements with a spatial resolution of 1 m and a 

sampling space which can be selected between 0.25 m and 1 m. 

Under harsh environmental conditions such as high temperature and excessive pressure, the fiber 

attenuation can be altered through a process known as hydrogen ingression or darkening, which can 

lead to a rapid degradation of the measurement data (e.g. (Smithpeter et al., 1999) [71]). The coating 

material protects the optical fibre against adverse chemical influences and primarily determines the 

temperature tolerance. Metal-coated fibres have the highest temperature tolerances, but usually also 
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exhibit high attenuation, especially at low temperatures (Reinsch and Henninges, 2010, [67]), which 

limits their use to very short sensing ranges. A coating comprised of an outer high-temperature tolerant 

polyimide layer and an additional carbon layer, which offers some protection against hydrogen 

ingression, is referred to as hermetic coating. During a field test in a high-temperature geothermal well 

in Iceland, (Reinsch et al., 2013, [68]) have successfully deployed hermetic coating fibres at 

temperatures up to 230 °C over a period of 14 days, but reported different signs of degradation occurring 

after exposure to temperatures above 300 °C. As this is within the expected temperature range of 200-

250 °C for the heating boreholes, such fibres will also be used for the current experiment. 

For deployment in boreholes, sensor cables must be designed to protect the optical fibers against 

mechanical stress, and to withstand the environmental conditions like temperature, pressure, and 

corrosive fluids. For installation in the four heating boreholes, a sensor cable design with an inner 

stainless-steel tubing hosting the optical fibres and an outer steel wire jacket for additional mechanical 

strength and protection has been chosen. The fibre-optic sensor cables were installed in a loop 

configuration, allowing to interrogate the optical fibre from both sides. They were fixed to the outside of 

the heater elements, extending as long as possible towards the tip of the borehole, using suitable 

devices to protect the cables from mechanical damage during installation. 

For these reasons, two kinds of arrays were deployed: in the Tournemire URL one allowing for the 

temperature distributed monitoring (Raman) (Henninges et al., 2005b,[60]), and one for deformation 

measurement (Brillouin).The first array provide accurate information on the temperature evolution along 

the heating boreholes. The DTS data allows to derive petrophysical properties such as thermal 

conductivity and heat capacity of the surrounding host rocks. The second array is an essential tool to 

understand the influence of thermal loading on a fault zone. 

Passive seismic monitoring 

Crack formation detection is challenging in clay rich material due to high attenuation of the media. 

Monitoring seismic deformation and resulting high-frequency signals in clay rich rocks is challenging 

due to strong attenuation and anisotropy present in the rock mass (e.g. (Plenkers et al., 2022 [66]; 

Kwiatek et al., 2011[62]; Bohnhoff et al., 2009 [52])). During the Faults&Fluids (De Barros et al., 2016 

[55]) project at the Tournemire URL, accelerometers sensitive in a frequency range between 2 Hz and 

4 kHz were installed in boreholes within the same fault zone. These allowed for the detection of 32 

events with magnitudes ranging between M -4.3 and M -3.7. Within this project, we intent to further 

extend the observed frequency range both to higher and lower frequencies by using the AE sensors and 

broadband seismometers, respectively. It is anticipated that the AE sensors that are sensitive between 

1-60 kHz will be capable to detect seismic events of sub-dm size (see earlier successful monitoring 

campaigns in crystalline and metamorphic rocks, e.g. (Boese et al., 2022 [51]; Kwiatek et al., 2011[62], 

2018, Plenkers et al., 2011[65]) with magnitudes down to M -6.0. The key element of success is to 

overcome the attenuation by installation of AE sensors close to the expected seismic sources and 

ensure good coupling of the sensors. We installed 12 AE sensors in the boreholes BH6-9 at distances 

up to 5 meters from the stimulated intervals to limit the effect of strong attenuation expected in shales 

(see also part dedicated to active seismic monitoring. The AE sensors were installed as perpendicular 

to the borehole trace and anchored against the borehole wall to optimize the coupling quality. The 

network layout was optimized for the 3D coverage of the injection interval, enabling more accurate 

location of seismic events and estimation of focal mechanisms (cf. Boese et al., 2022[51]; Kwiatek et 

al., 2018[63]). The acquisition system now records full waveforms in continuous mode at 200 kHz 

sampling rate. Triggering-mode recordings turned out to be unfavourable due to strong specific noise 

condition on site. The passive measurements have been supplemented with active ultrasonic 

transmission measurements and hammer/centre punch hits. The ultrasonic transmitter was located at 

12 positions in borehole BH8 to generate high-frequency impulsive signals that were recorded by the 

majority of the AE sensors. This allowed to (i) measure the P-wave velocity and its 3D anisotropy in the 

direct proximity of stimulation site (as derived for crystalline rocks by Boese et al., 2022 [51]), (ii) assess 

the attenuation through analysis of frequency-dependent amplitude decay (Blanke et al., 2023 [49]), (iii) 

test and further improve the coupling of AE sensors to the borehole walls. Active measurements using 
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sledgehammer and centre-punch tools (Boese et al., 2022 [51]) were additionally used along the tunnel 

walls to increase the ray path coverage at the site.  

Active seismic monitoring 

Controlled seismic experiments were performed in 2021 and 2022, using coupled magnetostrictive 

vibrators and impact hammer sources (Richter et al., 2018 [69]) along the East gallery and the main 

tunnel as well as between boreholes to investigate the structural environment in particular the complex 

fault network surrounding the tunnel lab. The experiment consists of two baseline surveys and repeated 

acquisition using the same survey layout during and after the heating and stimulation activities. The fault 

structure is composed of a main brecciated and foliated core zone of up to 2 m thickness and a damage 

zone of complex geometry made up of subsidiary faults. The results of the seismic underground survey 

allow to assess the position of eventual damage occurrence and to detect potential time-lapse effects 

in comparison with observations from fibre-optic and passive seismic surveying. 

The 3D-imaging techniques combining tomographic and migration inversion techniques using wave 

polarization attributes (Richter et al. 2022 [69]) are applied to gain images for P- and S- waves in the 

area of about 50 m around the tunnel with a resolution of about 0.5 m (Giese et al., 2005 [57]; Lüth et 

al., 2008 [64]). Recent experiments performed with the same system in the Mount Terri URL 

(Switzerland) revealed a transmissivity of seismic waves for frequencies of up to 1000 Hz. The concept 

of seismic imaging for Tournemire will be completed by tomographic inversion of attenuation values 

(Krauß et al., 2014 [61]). The seismic attenuation is a valuable parameter to understand the rocks 

mechanical behaviour during hydraulic stimulation experiments. 

2.4.7 Description on the field test used during the project. 

The CHENILLE experiment was set up in the following steps: 

¶ 2020: Drilling of a first set of injection and monitoring wells BH1-9 

¶ 2021: Drilling of additional monitoring wells BH10-26 for active seismic experiment; first  

¶ baseline active seismic survey along the Gallery East 03 and the main tunnel 

¶ 2022: Second baseline active seismic survey including a crosshole survey in two newly drilled  

¶ monitoring wells BH27-28; Installation of DTS and AE sensor network in BH2-9 

¶ 2023: Installation of injection system and FO-cables in BH1; Installation of two new heaters in  

¶ BH29-30; start of heating 20th of November. 

Major delays in the execution of the CHENILLE experiment were caused by defects of the borehole 

heating systems first installed in boreholes BH2-5. It was not possible to initiate five of the eight heater 

elements. It was therefore decided to build two new 3 m long borehole heating systems with the same 

output as the previously installed systems. To ensure the functionality of the new borehole heating 

systems, it was decided to equip the two new boreholes with an aluminum casing which was cemented 

by IRSN. This allowed the recovery of the heaters in the case of malfunctions. No fiber-optics were 

installed in the new wells. Temperature monitoring is realized by two sensors in the middle of the 

heaters. The heating has been started on the 20th of November 2023. The heaters gradually reached a 

temperature of 245 °C, which has been kept constant ever since. 

Multipacker equipment  

We installed one multipacker system (Figure 27) in BH1 to monitor measure the spatiotemporal evolution 

of temperature and pore-pressure fields caused by induced heating of a sound, damaged and intensely 

deformed shale formation crossed by a tectonic fault. The multipacker system was installed in borehole 

BH1 which crosscuts perpendicularly the studied fault zone. It consists of a set of steel tubes equipped 

with water-inflated packers. The packers prevent any flow from the injection interval when they have a 

minimum pressure difference of +15 bars with regards to the injection interval. The system is composed 

of two hydraulic packers, each with an anchoring length of 1 m. The external diameter of the unanchored 

packer is 89 mm. The packers are dimensioned for a pressure of 120 bar for a 96 mm diameter borehole 
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and for a maximum temperature of 120°C. The packers are anchored separately by injecting water into 

4/2.4 mm steel lines. 

The injection interval 1 is defined by the bottom of the borehole and packer 1. At the base of interval 1 

is a stainless-steel end cap with a 30% porosity sinter (OD 70 mm, ID 66 mm) surrounding a stainless-

steel inner tube and a hydrostatic pressure measurement line (4/2.4 mm).  

The injection interval 2 is delimited by packer 1 and 2. It is fitted with a 30% porosity sinter (OD 70 mm, 

ID 66 mm) surrounding a stainless-steel inner tube. Three steel lines (4/2.4 mm) at the level of the 

interval allow hydrostatic pressure measurement as well as injection and circulation.  

Furthermore, a PT1000 temperature sensor (range -23°C; +77°C) was also installed in interval 2. 

 

Figure 27: Schematic diagram of the multipacker system in BH1 

Temperature variations in the fault core zone 

The temperature sensor in interval 2 is located at a depth of 21 m. The sensor records the air 

temperature of a 1.85 m long interval which also corresponds to an estimated volume of 929 cm3 for 

the interval measurement. The injection borehole and the temperature sensor are located between 0.8 

and 1.1 m from the two heating boreholes (Figure 24). The temperature and pressure evolution during 

the heating is shown in Figure 28. The heat power steps were increase gradually to reach a maximum 

temperature on the heaters of 245°C. The maximum temperature has not yet been recorded as the 

temperature in the borehole continues to rise 3 months after the heaters were switched on. An electrical 

incident occurred during the first week of January which caused a power shut down of the experiment. 

After the heaters were turned back it has taken another month to reach the temperature before the 

power cut. The temperature today in the injection 2 interval is 32.25°C, the average increase in 

temperature is around 0.5°C/week. 

 

Figure 28: Pressure and temperature curve in the injection well since the start of heating on 20th of November.  
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2.4.8 Results  

Passive seismic monitoring 

Several natural Acoustic Emission (AE) events were recorded in triggering-mode during closure of 

operations at the Tournemire URL over Christmas (Figure 29 and Figure 30). These events originate in 

the direct vicinity of the installed AE system as can be seen by the almost simultaneous arrival at several 

AE sensors. These events will be used to tune the detection system and train a convolutional neural 

network for characterization of recorded signals. By switching to continuous recording since 23 

December 2023, triggering of events will be performed during postprocessing of the data, which allows 

to suppress noise spikes frequently seen in the data. Using the continuous wavelet transform the 

frequency content of regularly occurring noise spikes can be characterized and suppressed by a special 

way of filtering as shown in Figure 8. This facilitates detection of small events otherwise indistinct from 

the noise for common triggering methods. 

 

Figure 29 : Waveform example of a natural AE event recorded on 25 December 2023 (11:27:05) by all 12 channels 
(as indicated by labels on the left) with good signal to noise ratio. The traces are normalised with maximum raw 
amplitude in mV shown by the labels on the right. 
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Figure 30: Another waveform example of a smaller natural AE event recorded on 23 December 2023 (14:37:56) 

by a subset of channels (as indicated by labels on the left). The traces are normalised with maximum raw amplitude 

in mV shown by the labels on the right. Note that the time window shown is halved compared to that in Figure 

29Spectra of the raw signal for channel 3 and 6 are shown in the corresponding technology data sheet, indicating 

that the dominant frequency content of the event is around 10 kHz. 

 

Figure 31: Waveform example of a small AE event masked by noise spikes of similar amplitude as the event 
(top). Using the continuous wavelet transform the frequency content of the recurring spikes (bottom left) is filtered 

out as shown in the scalogram on the right, which allows for processing with common AE event detection 
algorithms (courtesy of M. Rosskopf) 

Active seismic monitoring 
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Controlled seismic experiments are part of the monitoring concept, using different types of seismic 

sources (Richter et al., 2018 [69]) to investigate the structural environment in particular the complex fault 

network within the Tournemire URL. The results of the seismic underground survey are complementary 

to the geological mapping of the core samples and aim to improve the background geological model for 

later time lapse investigations. A baseline seismic survey along the main tunnel and Gallery East-03 

was performed in June 2021 to explore the structures and to map the seismic rock conditions before the 

hydraulic stimulation experiment will be started. The survey length is about 100 m with a source point 

interval of 0.5 m. Two different pneumatically driven impact sources were used in a comparative test in 

1 m intervals each (Figure 32). To prove the repeatability of the sources and to increase the signal-noise 

ratio by vertical stacking three and five shots were fired per source point. In total, 821 shots were 

recorded by 15 three-component geophone receivers (28 Hz) of about 6 to 7 m interval installed in 2 m 

deep boreholes (BH10 to BH26 in Figure 31). The selection of the source type for the baseline 

Tournemire survey is based on a previous seismic experiment conducted in the Mont Terri URL 

(Wawerzinek et al., 2022 [73]). 

 

Figure 32: map view of the experiment. The short boreholes dedicated to the active seismic activity are denoted in 
green (from BH10 to BH20). Right: View into the Gallery East-03 from the main tunnel showing the impact seismic 
source mounted onto a forklift. In the foreground the tail end of a seismic receiver is visible on the left tunnel wall. 

Raw data recordings are characterized by P-, S-, and surface waves in the frequency range of 30 to 

1000 Hz up to about 5 m offset. Beyond this range, the maximum signal frequencies decrease quickly 

below 500 Hz. Figure 10 depicts a raw data example of the radial component of the receiver in borehole 

BH14 Figure 9.  The fault core zone (see Figure 32 ) is characterized by later arrival times of the direct 

waves and back-propagated surface waves (arrows in Figure 33). These later arrival times can be 

observed also at other locations along gallery East-03 which indicates the complexity of the fault zone.  

 

Figure 33: Raw data example of seismograms recorded by the radial component in BH14. Arrows mark later P-
wave arrival times which indicates the location of the fault core and possible fractured zones within the damaged 
zone crossing the Gallery East-03 
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Different seismic imaging approaches have been applied to image the fault zone and the tunnel 

surrounding area. Figure 34 shows the imaging results of different 3C-Kirchhoff migration types using 

selected phase signals and different signal frequency bands. It was possible to trace the outlines of the 

fault zone up to 30 m into the rock mass (Figure 34). Major challenges occurred in the data processing 

and imaging due to the high amplitude-level of direct and reflected surface waves and the measurement 

setup surrounding the fault zone from two sides only.  

To improve the imaging quality of the second baseline seismic survey, which was acquired in June 2022, 

it was decided to drill two additional wells at both sides of the fault zone. The 30 m long well at the end 

of Gallery East-03 enables a better ray coverage for the tomographic inversion, whereas the 15 m long 

well on the other side allows a cross-hole tomography with higher signal frequencies and a denser 

source and receiver spacing. To increase the data quality for reflection imaging, a magnetostrictive 

vibration source was applied in addition to the impact source along the tunnel surface. 

 

 

Figure 34: Seismic imaging of the reflected wavefield applying a signal-phase selected 3C-Kirchhoff Migration (left) 
and a Fresnel-Volume Migration (FVM) for low-frequency surface and shear waves (middle) and for high-frequency 
polarization filtered shear waves (right). The used constant seismic velocities range from 1950 to 2050 m/s. MF: 
Arrows point to potential reflection image of the Main Fault ~50 m west of the main tunnel. 

Figure 35 shows the magnetostrictive vibration source shooting in Gallery East-03. The source signal 

was a linear sweep with frequencies from 350 to 2.000 Hz and with a length of 22 s. The lower frequency 

limit was at a relatively high level to reduce the energy of the exited low-frequency surface waves. Figure 

36 depicts receiver gather examples of impact and vibro sources recorded by one borehole geophone 

chain level. Due to its larger coupling area and the higher contact pressure the number of source points 

in particular in Gallery East-03 was lower for the vibration source than for the impact source. 

 

Figure 35: Magnetostrictive vibration system applied on the side wall of Gallery East-03. The source is equipped 
with four magnetostrictive actuators which work simultaneously using a real-time control system. 



EURAD Deliverable 17.7 ï Synthesis report on Innovative and Enhanced Equipment for Repository 
Monitoring 

EURAD (Deliverable n° 17.7) - Synthesis report on Innovative and Enhanced Equipment for 
Repository Monitoring 
Dissemination level: PUBLIC 
Date of issue of this report: 04/06/2024 

Page 

63  

 

Figure 36: Receiver gathers of the impact (left panel) and vibration source (right panel) operating on the side walls 
of the Gallery East-03 and the main tunnel. The borehole receiver was located in the receiver borehole at the far 
end of the Gallery East-03. 

For the cross-hole tomography a newly developed seismic borehole vibration source was applied (Figure 

37 )The borehole source was driven with a linear sweep with frequencies of 350 to 3000 Hz and a length 

of 22 s. A geophone chain consisting of eight 3C-levels with a spacing of 3.5 m was used as receiver 

array (Figure 14). The borehole source and the receivers were moved in both wells so that a nominal 

point spacing of 0.5 m for source and receiver positions was obtained. 

The tomographic traveltime inversion of the second baseline survey was performed using the pyGIMLi 

(Rücker et al., 2017 [74]) package. P- and S-wave traveltimes were picked in the receiver gathers of 

impact and vibro source operation. We focus here on the results of the impact source traveltime data. 

Because of the small tilt of the bedding (5°) and the isotropic plane parallel to the bedding, the anisotropy 

of the clay stone can be ignored (Bretaudeau et al., 2014 [54]). The results of the seismic tomography 

(Figure 37) measured from the tunnel walls show that the fault can be resolved to a depth of ~30 m with 

P-wave travel time inversion (Esefelder et al., 2023 [56]). The S-wave tomography has resolved the fault 

to a depth of ~15 m. The Vp/Vs ratio seems to be reduced within and around the fault, compared to the 

surrounding rock mass, but this signature is less clear than the velocity distribution derived from the 

tomographic inversion (Figure 38). 

 

Figure 37: Seismic cross-hole tomography in Gallery East-03 during the second baseline seismic survey (large 
picture).  A prototype of a newly developed borehole vibration system was used as seismic source (upper-right 
picture). A borehole geophone chain consisting of eight 3C-levels with a spacing of 3.5 m was applied as receivers 
(lower-right picture). 

One of the main objectives of the seismic tomography measurements was to deliver baseline data 

representing the state before heating and injection experiments start. Repeated seismic measurements 

are planned to investigate changes of rock physical properties due to the temperature and/or pressure 

changes caused by the experiments. A seismic modelling study was performed as a recovery test, 

based on a simple thermal model simulating the predicted temperature increase in the final stage of the 

active heating phase. A maximum temperature increases of 150 °C was assumed and, based on rock 
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physical experiments performed on rock samples from Tournemire (Masri et al., 2014 ), changes of 

elastic properties (Youngôs modulus and Poissonôs ratio) were computed depending on the temperature 

increase.  

The changed elastic properties were then applied to a baseline model including the fault zone. The 

forward travel times were calculated and 3% noise was added. These data were then inverted. Figure 

39 shows the simulated temperature increase (with 150 °C maximum temperature in the centre), the 

derived change of P-wave velocity and the tomographic inversion of the simulated P-wave traveltimes 

(from left to right). Despite the noise added to the data, the predicted P-wave velocity anomaly could be 

recovered by the tomographic inversion in terms of the absolute value of the velocity change. The shape 

of the anomaly was slightly modified, compared to the predicted shape, which is a result of the limited 

aperture of the tomographic acquisition geometry. 

 

Figure 38: Tomographic inversion results for P- and S-wave velocities (left, center), and Vp/Vs ratio (right). The 
black lines indicate the fault zone. Yellow triangles mark the positions of the receivers and red dots those of the 
source points. 

 

Figure 39: Temperature simulation and tomographic recovery test. From left to right: Simulated temperature field 
after heating, change of P-wave velocity due to temperature increase, tomographic inversion result from traveltimes 

simulated using the modified P-wave velocities due to the temperature increase. 

Distributed Temperature Sensing 

Monitoring with FO along the heaters will provide accurate information on temperature evolution in the 

medium and allow to infer on the properties such as thermal diffusion. The FO were installed in 09/2022 

and continuously recorded data since then, providing a long-running baseline for the actual heating 

experiment. Every T-profile has an integration time of ~67s. As the wells are measured one after 

another, new T-profiles are recorded every 4:30min for every borehole. A 100 m-breakout cable was 

connected before and after every well to have a proper connection to the interrogator. To perform a 

length correlation on the fibre traces, reference temperature spots were set at the well entrance. DTS 
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(distributed temperature sensing) Interrogator, readout computer and an Uninterruptable Power Supply 

(UPS) were installed in a small cabinet that protects the electronics. Examples of the visualized data for 

borehole BH2 are shown in Figure 18. Beside of the preparation of the FO monitoring, we took samples 

for laboratory measurements of thermal rock properties and conducted in-situ measurements of thermal 

conductivity with a needle probe at the gallery walls. The high-T laboratory measurements are still 

running. 

 

 

Figure 40: Colour plot of time-length temperature signal in borehole BH2 for February 2023 (left) and example of 
FO implementation in borehole. 

Figure 18: Colour plot of time-length temperature signal in borehole BH2 for February 2023 (left) and 

example of FO implementation in borehole. 

Thermal Rock Property Measurements 

In a first step, we have measured thermal conductivity at 77 locations directly at the tunnel wall/gallery 

under in-situ conditions. We used a needle probe (transient line source) with different orientations to the 

wall (horizontal and vertical) both in the fault zone and at beside the fault zone. 

In the GFZ laboratory, we have measured thermal conductivity and diffusivity (using optical scanning) 

under laboratory ambient pT conditions on 38 oven-dried core samples of different drillings (BH2, BH3, 

BH4, BH5, BH27, BH28, T01, T02, T03, T04, G5M180). For some samples (7 core samples of different 

drillings: BH2, BH3, BH5, BH27, BH28, T01, T03), we extended the measurements to elevated 

temperature conditions using a transient plane source up to 245 °C. The dry measured data were 

corrected for the water effect (geometric mean approach) using a 10% assumption for total porosity from 

the IRSN info sheet (Le Toarcien du LRS de Tournemire). 

The main results are that (1) rocks from fault zone (FZ) and non-FZ show different behavior; (2) there is 

no different anisotropy in the horizontal plane (along the tunnel or horizontally perpendicular to it); (3) 

there is a significant anisotropy parallel (higher values horizontally) to perpendicular (lower values 

vertically) to rock bedding; (4) the fault zone shows a lower anisotropy (A ~ 1.15) than non-FZ (A ~ 1.5). 

Results are summarized in Table 2. 

Date from the DTS monitoring and from the thermal property characterization were implemented into a 

subsurface thermal model to simulate the subsurface temperature field in comparison to the measured 

temperatures. The detailed analysis is work in progress since the experiment is still running. 

Table 2: Summary of thermal properties 

 Location Orientation Thermal Conductivity Anisotropy 

   W/(mK)   - 

Dry measured 
  

mean min max A 
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FZ vertical 1.3 1.1 1.5 

 

  
horizontal 1.3 1.1 1.5 1 

 
non-FZ vertical 2.3 1.9 2.5 

 

  
horizontal 1.6 1.4 1.8 1.43 

       

Saturated calculated 
  

mean min max 
 

 
FZ vertical 1.79 1.51 2.06 

 

  
horizontal 1.79 1.51 2.06 

 

 
non-FZ vertical 3.16 2.61 3.44 

 

  
horizontal 2.20 1.93 2.48 

 

       

Matrix 
  

mean min max 
 

 
FZ vertical 1.88 1.59 2.17 

 

  
horizontal 1.88 1.59 2.17 

 

 
non-FZ vertical 3.33 2.75 3.62 

 

  
horizontal 2.31 2.02 2.60 

 

       

   
Diffusivity mm²/s 

  

   
mean min max 

 

  
vertical 0.75 0.6 1 

 

       

       

   
SHC J/(kgK) 

  

   
mean min max 

 

Dry measured 
  

850 680 960 
 

Matrix 
  

944.3 755.4 1066.5 
 

Saturated calculated 
  

850.3 680.3 960.3 
 

 

2.4.9 Discussion about the results obtained.  

Two seismic baseline surveys have provided valuable data for a reflection imaging and tomography-

based characterization of the fault zone and surrounding undisturbed rock mass. Some of the limitations 

posed by the acquisition restricted to the Main Tunnel and the Gallery East03 were overcome by adding 

receiver positions in an additional borehole at the far end of the Gallery East03 and by adding a high-

resolution cross-hole acquisition close to the fault zone. The fault zone has been detected by slightly 

enhanced reflectivity and is characterized by reduced P- and S-wave velocities. Of particular interest 

here is a zone of enhanced Vp/Vs ratio within the fault zone which seems to coincide with fluid-filled 

fractures in the fault zone. All results shown so far are still preliminary and need validation by synthetic 

modelling. The upcoming repeat survey will provide the opportunity to investigate potential time-lapse 

effects due to temperature and pressure changes around the injection and heating installation. 

Several natural AE events were already recorded during closure of operations at the Tournemire URL. 

These events will be used to tune the detection system and train a convolutional neural network for 

characterization of recorded signals. A master's thesis on this has just begun. 

The DTS equipment was set up in September 2022. Several baselines were recorded before the 

experiments started in 2023. Since then, continuous recording of temperature evolution has taken place. 

Data are generally looking reasonable. The different fibres record a variation of temperature responses 

with different time-dependent features. The nature of these features is currently under investigation. 
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2.5 Automatic passive seismic monitoring (POSIVA°) 

2.5.1 Introduction 

Microseismic monitoring is widely used to ensure operational safety of mining operations. It allows for 

locating and analysis of e.g., fault zone movements, bedrock fracturing and rockfalls. Within context of 

geological final disposal, microseismic monitoring aims at detecting seismic events in the ñONKALO 

block to confirm long term safety of the facility, as well as guard it from malicious actors. For example, 

excavation of unlawful infiltration tunnels lead to the facility would be detected via microseismic 

monitoring. 

Posiva has performed microseismic monitoring of the final disposal facility ONKALO® since 2002. The 

precise setup and layout of the seismic monitoring network has evolved over the years, to accommodate 

the progress of the facilityôs excavation. The network consists of borehole installed triaxial geophones 

that are located inside the disposal facility, as well as surface mounted geophones and accelerometers 

on the ground surface. Most of the devices are located near or inside the facility, focused on monitoring 

what is known as the ñONKALO blockò (Figure 41) and in addition there are four long period geophones 

located approximately 5 kilometers from the facility, monitoring the surrounding area of ONKALO-block 

known as the ñsemi-regional areaò (Figure 42). All regional earthquakes originating from outside the 

aforementioned areas are recorded and monitored as well.  

 

 

Figure 41: Seismic stations (19) inside the seismic ONKALO block in 2023. Up: view from above, the distance 
between the grid lines is 100 m. Below: view from south, the distance between the grid lines is 100 m. Stations OL-
OS2 é OL-OS8 and OL-OS15 are on the ground surface OL-OS13 in a borehole and stations ONK-OS1 é ONK-

OS3 and ONK-OS5 é ONK-OS7 in ONKALO. (Kuusisto et al, 2022[76]) 
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Figure 42: Seismic stations for monitoring semi-regional seismicity (OL-OS8 é OL-OS12). The seismic semi-
regional area is marked with yellow and the seismic ONKALO block with light blue colour. The distance between 

the grid lines is 5 km. (Kuusisto et al, 2022 [76]) 

Unlike in a standard mining operation, seismic events of interest for geological final disposal facilities 

should not be limited to fault movements, rockfalls or excavation blasts. In addition to those, attention 

should also be paid to other types of spatially and temporarily isolated seismic sources. Even though 

these sources may be related to scheduled construction work, the safeguarding principles mandate that 

the seismic signals from these events should be accounted for. 

The following classifications for seismic events in Olkiluoto are used (Kaisko et al, 2019 [77]): 

¶ Microearthquakes: Small earthquake inside the seismic ONKALO block. Location within the rock 

mass. Origin time separated from construction operations (e.g., occurrence during a ventilation 

break after a blast). Potentially creeping type first particle motion. Energy only at low frequencies 

(microearthquakes close to tunnels) or evenly up to high frequencies (microearthquakes within 

bedrock). Radiation pattern indicating a source mechanism which cannot be originated from human 

activities. S/P-ratios varying with azimuth seen from the source. Efficient coupling of signal to 

bedrock when compared to other small events or blasts. At least 3 reliable P-picks required. 

¶ Unidentified small events (UI): Small event with clear seismic signal, which could fulfil the criteria 

of a microearthquake. Inadequate number of stations for defining a source mechanism or accurate 

location. Origin cannot be verified. Separated from reported construction operations. At least 3 

reliable P-picks required. Separated from other construction signals also in continuous seismogram.    

¶ Miscellaneous small events: Small event caused by human activity. Does not resemble an 

earthquake. Probable origin can be verified from daily reports. At least 3 reliable P-picks required. 

Separated from other construction signals also in continuous seismogram. 

¶ Explosions: Blast inside seismic ONKALO block or semi-regional area. First P-arrival outwards 

from the source. Uneven frequency spectra. 

¶ Nordic earthquakes: Natural earthquake outside the seismic ONKALO block. Origin in Finland, 

Sweden, Norway or Estonia. Origin verified by Institute of Seismology, University of Helsinki. 

Not all seismic events recorded by the network and stored into database are considered for the above-

mentioned classifications. Events that do not fulfill any of the criteria are considered ñrejectedò. Events 
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that are not rejected and are then given a classification are considered ñacceptedò. A seismic event is 

rejected if one of the following criteria are met: 

¶ The event is located outside the semi-regional area and cannot be classified as a Nordic earthquake. 

¶ The event is part of a continuous work-related signals and is not spatially or temporarily isolated 

from the surrounding noise. 

¶ The event is caused by electrical disturbances, and not by ground motion. 

¶ Less than 3 reliable P-picks can be determined from the seismograms.  

2.5.2 Problem analysis- (key parameter you want to measure). 

Due to the required sensitivity of sensors deployed for microseismic monitoring, it is inevitable that the 

monitoring network will detect tens of thousands of seismic signals annually, out of which only hundreds 

are of real interest. Whether or not a seismic event is considered subject of further analysis is up to a 

trained seismologist. Seismic signals which are not of interest are mainly caused by continuous work, 

such as grinding, drilling or bolting. These are typically simple to recognize by observing a sufficient time 

window around the triggered event (e.g., 60 seconds). 

To ease the workload of human analysts, a tool for automated seismic event rejection is needed. This 

tool will use machine learning to recognize and differentiate between seismic waveforms. 

2.5.3 Research objectives.  

The main objective for the research is to develop an automatic seismic event classifier system. The 

most important function of the system is to reliably accept or reject seismic events in real time, based 

on same criteria that are used by human experts. The initial main goal of the research project was to 

develop a system for automated event location. However, as the project progressed, it was realised that 

an automatic event classifier would be more efficient for easening the workload for human analysts, and 

thus the focus and scope of the project was adjusted accordingly.  

Another objective during the project is to improve ONKALOôs seismic velocity model for more reliable 

seismic event location. ONKALOôs seismic velocity model prior to MODATS is homogeneous, based on 

empirical analysis of known seismic sources. While the homogeneous model has served its purpose 

relatively well, it has the tendency to overestimate source depths at deeper parts of the final disposal 

facility. This is in part also because Olkiluotoôs seismic sensor geometry does not cover enough area 

below the facility. 

2.5.4 Overview of the development team 

Automatic classifier technology used for the project is created and owned by Institute of Mine 

Seismology (IMS). The technology is part of seismic analysis service widely provided by IMS. Training 

of the algorithm has been performed by Dr. Ernest Lotter (IMS). Coordination and feedback regarding 

the technologyôs desired performance is provided by MSc. Tommi Pirttisalo (Posiva) and MSc. Minna 

Kuusisto (Posiva). 

Upgraded seismic velocity model was developed by Dr. Martin Gal (IMS) and Dr. Ernest Lotter (IMS). 

Data for the development of the velocity model was curated and provided by MSc. Tommi Pirttisalo 

(Posiva), MSc. Minna Kuusisto (Posiva) with assistance from MSc. Marianne Malm (AFRY), MSc. Lauri 

Rinne (AFRY) and MSc. Outi Kaisko (AFRY) 

2.5.5 Development steps follow during the MODATS project.  

¶ Updating ONKALO: seismic velocity model  

¶ Deciding and collection of the data to be used for automatic classifier training. 

¶ Training the automatic classifier 

2.5.6 Material and method  

Initially the automatic classifier was trained Posivaôs seismic dataset ranging from January 1st, 2022, to 

November 8th 2023 (Run 1). The time frame was chosen because it best represents the current state of 

the seismic monitoring network (as of the end of 2023). Optimally, the training set for the automatic 
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classifier should have rejected to accepted events ratio of 1:1. This unfortunately doesnôt apply to the 

set of events recorded by Posivaôs database, instead the amount of rejected events heavily outweighs 

the number of accepted events (838:46138). A second training set included events from the January 1st  

2021 to September 30th 2023 (Run 2). The additional accepted events from 2021 were expected to help 

the recognition of events of interest, and additionally a subset of rejected events was chosen to make 

the populations of accepted and rejected events roughly the same size. However, Run 2 included a very 

large cluster of rejected events in August of 2021. The cluster was caused by a wall construction work, 

and it introduced an anomalous number of rejections which do not represent typical activity of the final 

disposal site. Because of this a third training set (Run 3) was introduced that excluded August of 2021. 

For the creation of an updated seismic velocity model, a list of excavation blasts with known coordinates 

and times were compiled by members of Posiva and AFRY. Blasts were selected from years 2006-2022, 

covering as much of the ONKALOôs volume as possible. Single blasts were selected, instead series of 

multiple blasts. The decision was made to avoid cases where two or more locations have been 

excavated simultaneously. Also, focusing on seismograms with single explosion events decreases risk 

of confusing phases of multiple explosions. In total, 54 blasts were chosen for the calibration. 

Due to mostly planar sensor layout, lack of seismic sensors below the monitoring area of interest and 

very small amplitude of most of the seismic events of interest, it was deemed that a true 3D mesh 

velocity model was not ideal for ONKALO. Instead, an adaptive apparent velocity (AAV) model was 

created, with a prior probability function at open tunnels. 

2.5.7 Results of automatic classifier test runs  

Training set for Run 1 included some events from October and November 2023 that were not completely 

analysed by human experts due to their recency, so the training set cannot be considered fully 

representative. The relatively large number of false negatives (72) may be partially related to this fact.  

RUN1 (events from 2022-2023) 

Manually prosessed Automatically processed compared to manually processed 
 Accepted Rejected 

Accepted (921) 849 72 

Rejected (51207) 12304 38903 

Total False positives False negatives 

52128 0.240 0.078 

Adding data from year 2021 and omitting non-processed events from October and November of 2023 

yielded noticeably less false negatives in Run 2. However, the large rejection cluster in August seems 

to have introduced a large number of false positives (45062). 

RUN2 (events from 2021-2023) 

Manually prosessed Automatically processed compared to manually processed 
 Accepted Rejected 

Accepted (1798) 1745 53 

Rejected (114945) 45062 69883 

Total False positives False negatives 

116743 0.392 0.029 

Leaving out the rejection cluster produced much less false positives, as well as lowering the amount of 

false negatives by one. This is also partly due to the fact for Run 3 the whole month of August in 2021 

was omitted, even though the rejection cluster was concentrated only within two days of the month.    
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RUN3 (events from 2021-2023, excluding August 2021) 

Manually prosessed Automatically processed compared to manually processed 
 Accepted Rejected 

Accepted (1715) 1663 52 

Rejected (65408) 15024 50384 

Total False positives False negatives 

67123 0.230 0.030 

 

Considering Run 3 for further analysis, relatively most false negatives are produced by Nordic 

earthquakes. This is to be expected, since events with such classification are very rare in the database 

that was used for training. Therefore, the automatic classifier does not have enough data regarding 

Nordic earthquakes to learn how to correctly distinguish them. Adding to the challenge of correctly 

classifying Nordic earthquakes, it is common for human analysts to require external sources for 

confirming the classification themselves. While the waveform for these earthquakes is typically distinct, 

it is important to consider that ONKALOôs seismic network is not primarily designed for analysis of events 

that are further than 5 km away from the final disposal facility. 

While the automatic classifier fared well with small UIs in general, the relative number of false negatives 

in that category for yearôs 2022 data was quite high.  

Automatic classifierôs ability to correctly accept excavation blasts was very good, with the percentage of 

false negatives being < 1% for each individual year as well as for the total of 2021 ï 2023. All blasts 

from ground surface were correctly accepted. 

Table 3: Automatic classification results.  

  MQ Small Small, UI Nordic EQ Blast 

Manually 
accepted 

          

2021 113 59 200 6 538 

2022 43 40 72 11 352 

2023 3 8 16 6 3 

Total 159 107 288 23 893 

False negatives            

2021 5 3 9 1 5 

2022 3 4 16 4 1 

2023 0 0 0 1 0 

Total 8 7 25 6 6 

False Negatives 
(%) 

          

2021 4.42 5.08 4.5 16.67 0.93 

2022 6.98 10 22.22 36.36 0.28 

2023 0 0 0 16.67 0 

Total 5.03 6.54 8.68 26.09 0.67 

2.5.8 Discussion about the results obtained.  

Machine learning classifier algorithm produced and trained by Institute of Mine Seismology shows 

promise for geological disposal monitoring applications. Currently, the biggest challenge is minimizing 
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the number of false positives (events that have been automatically accepted, even though they should 

have been rejected). The high number of false positives is largely because amplitudes of events of 

interest mostly coincide with those of rejectable events. Therefore, it is difficult to set a strict PGV (peak 

ground velocity) threshold for rejection criteria. To mimic the workflow of current human analysts, the 

algorithm should make use of untriggered seismic data from around the signals of interest. Utilizing 

untriggered waveforms for algorithm training poses its own challenges however due to the amount of 

storage space required to store that kind of data. In standard operation of Posivaôs seismic monitoring, 

untriggered data is stored for 40 days, and is automatically deleted by FIFO principle. Therefore, to have 

suitable training data available, manual processing of seismic events needs to be done with faster pace 

than normal. Although not impossible, this requires careful coordination between seismologists and 

programmers. 

Another source of error for the machine learning algorithm is the existence of duplicate events in the 

training dataset. When a human analyst takes a seismic event in for further analysis, it is a common 

practice to create a duplicate of the event. This is done to a.) include more seismograms that may not 

have been automatically associated in the original event file due to poor SNR, and/or b.) to include a 

wider time window for observation of different wave phases. After duplication, the original event is 

rejected, which is likely to confuse the algorithm. Luckily the vast majority of rejected events are not 

duplicates of accepted events, so the effect of this is not extremely drastic.   

After further training of the algorithm, the next step will be using the tool parallel with human experts. 

This way, the actual functionality of the classifier can be confidently determined, and remaining issues 

can be observed and fixed. These future plans are outside the scope of the MODATS work package. 

2.5.9 References  
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2.6 Water leakage mapping 

2.6.1 Introduction 

As a part of hydrological and hydrogeological monitoring of Olkiluoto (Finland), Posiva has monitored 
the inflows after sealing actions into the underground facility ONKALO® since the beginning of its 
construction in 2004. The inflows are measured with measuring weirs and collectors. In addition to 
continuous inflow measurements in tunnels, a visual leakage mapping survey has been regularly 
conducted since 2005.  

It is envisaged that water inflow will be monitored over long periods in crystalline rock environments The 
facility will be in parts open over 100 years (access routes and technical area), while some parts 
(deposition tunnels) will be open only for a few years, but still the detailed information of location and 
amount of leakages are important to be able to assess the condition and evolution of hydrological 
conditions prior closure of the tunnels. 

The leakage maps are used for monitoring the surface area and location of leakages in the underground 
facilities. The time-dependent observation data is typically used together with other hydrogeological 
monitoring data to observe and analyse possible changes in tunnel inflow and changes in flow and 
pressure conditions of the bedrock and hydrogeological zones (hydraulically conductive brittle fault 
zone) intersecting the tunnels. Observation and monitoring of leakages into the underground facilities 
also provides feedback for construction as it enables evaluation of the success of sealing operations 
implemented by grouting.  

The demand for leakage mapping survey comes from the need to observe and monitor local leakages 
in the underground facilities. Along with the underground leakage measurement network, leakage 
mapping provides more detailed information about the surface area and location of leakages. Monitoring 
of local small leakages in relatively dry tunnels is often more reasonable with combination of visual 
leakage mapping and manual leakage measurements rather than establishing fracture specific 
automatic measurement stations or utilizing tunnel-scale leakage measurements. In Posiva's 
underground disposal facility, there are some tunnel sections at the disposal depth (ca. -420 m) that are 
relatively dry and in which the visual leakage mapping is the primary method for monitoring tunnel 
leakages.   

From the perspective of method validation, a transparent and reproducible mapping method is easier to 
validate in comparison to a visual observation that is, at some level, always a subjective interpretation 
done by the person performing the mapping. In addition, visual leakage mapping does not follow similar 
universal classification systems, which are available for example for rock masses with respect to stability 
of underground openings (e.g. Q-system). In order to develop a mobile functional method for mapping 
leakages in tunnel walls and roof, a Task for Automatic Digital Mapping of Leakages were initiated.  

2.6.2  Water mapping data in monitoring programme of Olkiluoto  

The survey is based on visual observation of groundwater leakage on tunnel walls and roof (Figure 43). 
The tunnel surface is mapped using five different "moisture condition" classes, ranging from dry to 
flowing surface (dry, damp, wet, dripping and flowing). The mapping observations are later digitised into 
tunnel layout with other relevant data including bolts, fractures (mapped by geologists), shotcrete areas 
and covered drainage systems under the shotcrete. Dripping or flowing fractures or fracture sets can 
also be selected to undergo more specific and regular leakage measurements (by using local collectors 
or manual measurements) based on mapping observations.  
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Figure 43: Leakege maps representing observations from same tunnel location in ONKALO® through years 2011, 

2014, 2017 and 2018 as example. 

 
Figure 44: The figure is showing the current method of leakage mapping with digitation with ArcMap software.  
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Figure 45: An example how the results are presented and reported. 

 
Water leakage counting is then conducted to calculate total surface area of each moisture content class 
in each tunnel section (Figure 44). Water leakage area counting enables statistical examination of the 
data, making interpretation of long-term changes easier. Results of visual leakage mapping (Figure 45) 
and other inflow analysis are reported annually in Posiva Working report Results of monitoring at 
Olkiluoto, Hydrology and hydrogeology (cf. Vaittinen et al. 2020 [89][83]  and Laakso et al. 2021[83]).  

2.6.3 Objectives 

Current leakage mapping methods are based on manual acquisition and analysis. Consequently, results 
may be subject to bias. In addition, the work is time consuming and cannot be undertaken frequently, 
which restricts in-depth analysis of, for example, the annual variation in response to changes of weather 
and ventilation. The disposal facility construction and operation activities may also change the 
hydrogeological conditions rapidly. In addition, the commissioning of disposal facility set new and more 
strict requirements on leakages in deposition tunnels. It is essential to know how the amount of the 
leakages and their location will evolve during the short (couple of years) opening time of the tunnel prior 
its closure. Therefore, a rapid, efficient, and reliable method is needed to be able to conduct leakage 
surveys. In addition, the use of data could be combined to the models and the visualisation methods 
could be improved. POSIVA conducted a literature survey on different methods and selected the most 
appropriate method to be tested in ONKALO® in Olkiluoto and analyse the outcome.   
Main goal for task Automatic Digital Mapping of Leakages were to develop and test a semi-automatic 
(or automatic) method for tunnel leakage mapping, that is, to identify and separate tunnel surface areas 
with different moisture conditions (eg. dry, damp, wet, dripping and flowing). The task aims to find a 
technical application that could simplify or replace the present visual & manual mapping survey. The 
technical objectives of the development are that the application should be able to:  

¶ Detect and separate tunnel surface areas with different moisture conditions. The requirements 
concerning the reliability and performance for the developed technical application are to be 
determined during Activity. For example:  

o Mobility of the application (used on foot, on a car roof etc.)  

o Moisture condition classes to detect and separate (same 5-class classification as in 
Posiva's visual leakage mapping or something else)  

o Ability to perform in different tunnel conditions such as a) well lighted and dim tunnels b) 
rock, shotcrete and concrete surfaces c) low and high relative air humidity. 

o Requirements for data handling and analysis   
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2.6.4 Activities 

 The main goal of the task is to describe the possibilities for future related to the method development. 
It was obvious that within this specific task the outcome serves the basis for continuation and not a 
ready-made solution. The work was initiated by hydrogeological staff of Posiva but soon it was realized 
that this specific issue would require support from geophysical staff, while planned methods for 
analyzing the issue is more physical in nature and the end user of the selected method is the 
hydrogeological staff. The main research personnel in this task were: 

¶ Jyri Laakso, M.Sc. in Geology from the University of Helsinki. He has been working at Posiva since 
2016 and is currently working as hydrogeologist and developing the hydrogeological investigation 
methods. The role of Jyri Laakso was planning the task and be as an expert in hydrogeology to 
provide the information and needs to the development team.  

¶ Tommi Pirttisalo M.Sc. in Geophysics from the University of Oulu. He has been working as a 
geophysicist at Posiva since 2021. Heôs main responsibilities include rock mechanical monitoring 
and geophysical surveys. For automatic leakage mapping, he has provided support with field 
experimentation and method investigation.   

¶ Henrik Jänkävaara M.Sc. in Geophysics from the University of Oulu. He has been working as a 
Research Engineer at Posiva since 2020 with main focus being automatic flow logging 
measurements (PFL) in boreholes. For automatic leakage mapping his role has been to search for 
and to test potential measurement methods and technologies. 

¶ Sami Kivistö M.Sc. in Engineering Physics from Aalto University, Espoo. He has been working as 
an automation engineer and instrumentation specialist for Teollisuuden Voima Oyj since 2021. 

¶ Johanna Hansen M.Sc. in Geology and Mineralogy from the Åbo Akademi University. She has been 
working at Posiva since 1997 both with site investigations and currently with development of 
disposal technology and EBS concept. She works as R&D coordinator in Engineered barrier unit. 
She coordinated the FP7 project DOPAS 323273 and she acts as a Finnish WMO mandated actor 
deputy contact in Eurad programme. 

The new hydrogeologist M.Sc. in geology from the University of Turku Ville Paalumäki reviewed the 

memorandum in January 2024.  

The workflow for the leakage mapping method development did consist of following subtasks: 

¶ January ï June 2022 Search for potential technologies for leakage mapping and review of the latest 
innovations (Tommi Pirttisalo & Henrik Jänkävaara) 

¶ June ï September 2022 Selection of method type and contractor for co-operation to conduct method 
development (Henrik Jänkävaara).  

¶ November 2022 ï January 2023 Method development and testing in different tunnel conditions, 
(e.g. well lighted and dry tunnels vs dim and damp tunnel conditions) in Olkiluoto. (Jänkävaara and 
Kivistö)  

¶ February 2023 ï January 2024 Assessment of performance and suitability of the method to replace 
conventional visual leakage mapping (Jänkävaara, Pirttisalo, Kivistö, Hansen) 

2.6.5 Technology description and literature survey during the MODATS 
project 

The work started by literature survey of different methodology used for analysis of water leakages and 
limit the work scope. It was obvious that a method just for imaging the leakages and inflows is not 
enough and there will be needs also for positioning the location of images to be able to use automatized 
systems (in underground conditions the normal GPS signal is not available, and the positioning requires 
a different approach. 

At first, different possible measurement methods and corresponding physical quantities were discussed. 
Such include for example, radiometry and different electromagnetic methods. One proposed method 
was a kind of electromagnetic rake that could scan the conductivity of tunnel walls. Quite promptly 
methods based on near and mid infrared regions of electromagnetic spectrum were seen as the most 
promising. 

Inspiration was taken from automatic tunnel scanning solutions (Xue et al. 2021 [90], Huang et al. 2020 
[80]) and construction inspections (e.g., Resende et al. 2022 [88]) and combining laser scanning 
interpretation with verifying the possible leakages with thermal camera (Yu et al. 2018). The different 
methods combining laser scanning information with photogrammetry or with automated water leakage 
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detection with Mask-R CNN algorithm also give an understandings of leakage locations. Still these 
methods seem to be more characterisation methods or they are time consuming and the resolution of 
the method is not known or not suitable for required in disposal facility conditions. From literature it is 
not always obvious how intense leakages can be analysed with these methods. The inflows into the 
underground disposal facility at different locations vary from few ml/min up to 300 ml/min except the few 
larger structures along the access tunnel. The main need still is to analyse the leakages around, with 
inflow 100 ml/min or less.  

Hyperspectral imaging, utilizing the absorption spectrum water, was one method that was further 
investigated. For example, Specim, Spectral Imaging Ltd. (specim.com) provides hyperspectral imaging 
solutions and their products include short wave infrared SWIR (1000ï2500 nm) and FX17 (900-1700 
nm) cameras. These are line scanners if specific wavelength band is not selected, which is not optimal. 
The bigger problem is the amount of external lighting that the cameras require. 

The selection criteria for methodology selected for field test was based on the practical aspects: 
economically feasible, fast and easy to use, suitability in underground conditions. 

The most promising and feasible for underground field testing was judged to be standard thermal 
imaging to start with to be able to see the possibility to detect different type of inflows in conditions where 
different structures like shotcrete, steel mesh reinforcement and other tunnel infra may disturb the 
results. The potential of the method was already studied in different studies like one done by SKB 
(Neretnieks et al 2018 [86]) where the main conclusions was that thermal imaging (with an IR camera) 
can be used to locate and identify spots with even very low leakage flowrates of water in fractured 
crystalline rocks. This study was not directly used to repeated flow mapping but more or less to 
characterise leaking fractures. Even the leakages less than 1 ml/min were able to be identified with this 
method. It was obvious that alone the IR imaging gives only qualitative information but together with 
fracture geometry and 3D modelling of fracture network it could give better understanding of inflows 
(Neretnieks et al 2018).  

If the method is feasible the next phase is to conduct a machine learning exercise to distinguish different 
type of inflows and inflow area to receive semiquantitative results on number of inflows. According to 
the literature (Huang et al. 2021) the machine learning methods have been tested on inflow locations. 
The different type of AI and machine learning services are available as well in commercial and scientific 
means. As part of the Task 3 there were a short review of available services and one demonstration 
was done with Aiforia, which is a Finnish private enterprise providing AI analysis services mainly to the 
medical analytics, but also for other fields. It was decided that due the limited scope in this task there is 
no need to develop methods further and when implementing a technology, a commercial analyse 
method can be utilised for creating the library to classify the type of inflows. The creation of library is site 
dependent and requires a big set of pictures to make the machine learning exercise possible. There are 
some calibration needs also to consider the different structures like reinforcement, the tunnel 
infrastructure, the possible temperature deviation in groundwater depending on the water source (there 
might be some drawdown and upconing) during the possible disturbances related to the excavation 
period. 

2.6.6 Description on the field test implemented during the project. 

In December 2022, a field test was conducted in ONKALO® (Figure 46). An IR-camera was used to 
scan tunnels and to detect water leakages.  
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Figure 46: The test locations in ONKALO® 

The method was tested during two days in December 2022. The timing was agreed to present the time 
slot when the visual mapping is done as well to be able compare the results. Infradex (infradex.com) 
provided to the test a T865 high-end infrared (IR) camera (wavelength range 7.5 - 13 µm). The 
specifications of the IR camera are presented in Appendix. Both shotcrete and rock surfaces were 
filmed. Water in ONKALO® is cooler than the surrounding rock and shotcrete. Most anomalies that were 
included were 'wet'. One 'flowing' anomaly at PL777 was included as well. 

In Figure 47 and Figure 48 is a series of images from around PL660 to PL777 in ONKALO® access tunnel. 
Otherwise, the images could be used for mapping the anomalies, except the 'flowing' anomaly at PL777 
doesnôt look any different from other 'wet' anomalies. The image of the anomaly included in the series 
is also one of the best IR-images of the PL777 anomaly we managed to take. Corresponding water 
leakage mapping can be seen in Figure 49. The location of this leaking point is most probably a rock 
bolt hole due the fact that in this current location there are no signs of fracture flowing into the tunnel (in 
very accurate Posiva flow flog or geophysical measurements) according to the drilling report (Öhberg et 
al. 2006 [92]). The flowing point is located at the drilled pilot hole ONK-PH3 in 80,16 meters when 
comparing the tunnel chainage toward the pilot hole length.   

 
Figure 47: Series of IR-images between PL660 and PL777 (in order). At PL777 (the last image) there is a feature 

with high water flow. 15.12.2022. 
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Figure 48: Comparison between IR-images and visual images at around PL656. 15.12.2022. 
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Figure 49: Water logging map of PL580-810. The map corresponds to IR-image series in Figure 47 and Figure 48. 

Red 'dripping' anomaly is recorded at PL777. 

IR-images in Figure 50 and Figure 52 are taken in deposition tunnel 5-1. Corresponding water logging 

map in Figure 51. The tunnel is straight, and walls and floor are exposed rock. In Figure 52, wet 

anomalies at tunnel roof. Anomalies in this case are quite visible, but it was not the case most of the 

time. The metal net covering the roof is also visible. Especially hard to distinguish point like anomalies 

are present in the roof. 

 
Figure 50: IR-image at the start of the deposition tunnel 5-1 (DT5-1). Floor and walls are exposed rock, roof is 
covered with steel mesh reinforcement 16.12.2022. 
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Figure 51: Water logging map of deposition tunnel 5-1. 
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Figure 52: IR-image of the roof at the deposition tunnel 5-1 (DT5-1). The roof is covered with metal net. 16.12.2022. 

Figure 53 and Figure 54 are from PL3700 in ONKALO® driving tunnel. Anomalies are on shotcrete and 

are more pronounced than on exposed rock. In Figure 54 is a comparison between IR and visible light 

images. The same anomaly can be seen on the right in Figure 53. Corresponding waterlogging map in 

Figure 55. 

 
Figure 53: IR-image at around PL3830. Roof and walls are covered with shotcrete. 15.12.2022. 

 
Figure 54: IR and visible light images at around PL3830. The same anomalies on shotcrete. 16.12.2022. 
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Figure 55: Water logging map of PL3800-PL3980. The map corresponds to images in Figure 53 and Figure 54. 

2.6.7 Results   

The IR-imaging results from ONKALO® were promising in that at least the anomalies were detected. 
The amount of water on the other hand could not be determined solely from the IR-image. Anomalies 
obscured by different objects and constructions are also hard to detect. This is especially true in case 
of the tunnel roof since in the tunnels the roof area is filled with pipes etc. In addition, roof anomalies 
are mostly point-like which make them even harder to detect. The fact could be that the point wise 
leakages are usually connected to the rock bolt holes.  

On shotcrete the anomalies were a little bit more pronounced and easier to detect. On exposed rock the 
anomalies are more blurred. Comparing Figures 47 and 49, anomalies logged by human logger are 
much sharper. 

It must be noted that the accurate and absolute temperature values were not measured. Only the 
temperature differences were of interest as it is enough to detect the anomalies. For more accurate 
temperature measurements, surface emissivity as well as the humidity and temperature of air must be 
considered. 

Even though the thermal imaging has some challenges, it could be applied to assist human logger. IR-
image/recording could be used to automatically identify the leakages and to digitize them. In practice, 
this would mean taking IR-images and using photogrammetry (Huang et al. 2020 [80]) and pattern 
recognition to map the anomalies to tunnel profile. Even this would provide significant help, though. After 
anomalies are digitized, the logging personnel could then determine the amount of water (five different 
classes) in each anomaly by other means, for example by visual observation (which is the procedure 
currently anyway). 

2.6.8 Discussion about the results obtained. 

The more automatized method to map the leakages into the disposal facility would save the 
hydrogeologist working time to another scientific topic. Posiva estimated, for the current extend of tunnel, 
that with current manual method one sheet (800 meter of tunnel) would take around 1 day in the field 
and 1 day to create the digitalisation, which approximately means for whole facility 1 person month/year. 
In addition, the interpretation takes additional time. With thermal camera the same work can be done 
within couple of days. This enables the possibility to repeat the measurements more often and get 






































































































































































