Executive Summary

The European Commission Fifth Framework BORIS Project ran from November 2000 to July 2002. The overall goal of BORIS was to use data and samples from the Russian borehole injection sites for liquid radioactive waste at Krasnoyarsk-26 and Tomsk-7 to further understanding of the chemical behaviour and migration of radionuclides in the geological environment. A subsidiary goal has been to archive historical data from the sites, thereby ensuring its preservation. At the Russian sites, the migration behaviour of many radionuclides, and the effectiveness of clay layers in isolating radionuclides, can be studied in a natural groundwater system at repository depths. 
It is important to note that BORIS was a relatively short project (21 months), and was conceived as the initial phase of a larger project. Nevertheless, a great deal has been achieved within the relatively limited constraints of this initial proof-of-concept phase. The initial interpretation of the existing database also demonstrates that a great deal more could be achieved through further focused study of the deep well injection sites, given more time and resources.

Background

The deep well injection sites at Tomsk-7 and Krasnoyarsk-26 have both been in operation since the 1960s. Over a period of more than forty years of construction and operation, a huge body of information has been compiled concerning the geology and hydrogeology of the sites, the injection of liquid radioactive wastes and their confinement and isolation from the surface environment. At each site, the wastes were injected through an array of injection wells. Many tens of monitoring wells, most of them open to the disposal horizons, have been used to monitor the behaviour of wastes and groundwater in the subsurface. The open (filtration) wells have been used to sample groundwater from the disposal horizons and to monitor the composition and migration of waste components, and their hydrochemical interaction with the natural water-rock system. At the same time, fully cased (blind) wells have been used to monitor the passage of radioactivity fronts through the use of gamma-ray detectors.

The mass of monitoring information collected over the last forty years was not amenable to analysis, and some of it was also in danger of being lost, because it was scattered and in most cases available only in paper form. Therefore, one of the main objectives of the BORIS Project was to compile and collate available information on deep well injection disposal of liquid radioactive wastes at Tomsk-7 and Krasnoyarsk-26, and to create an electronic database of this information, thus ensuring its preservation and availability for future analysis. Additional objectives were to collect samples of rock and groundwater from the sites and to subject them to preliminary geochemical and radiochemical investigation. These preliminary experimental investigations, coupled with a preliminary evaluation of the databases, are used to demonstrate the potential of the sites to provide information relevant to radioactive waste disposal and performance assessment (PA) in western countries, particularly with regard to the behaviour of radionuclides in the natural environment.

Databases

A database describing the geology, hydrogeology and waste injection history of the Krasnoyarsk-26 and Tomsk-7 sites has been compiled. Very large quantities of information including waste compositions, injection history, piezometric, hydrochemical and geophysical measurements were transferred from Russia to western Europe. The database was developed as a series of tables in Microsoft Access with links between the tables and forms developed for data retrieval.  The database includes:

· Detailed daily records of radioactive waste injection, water level monitoring and water abstraction.

· Time-lapse gamma, temperature and resistivity logs throughout the disposal sites. The time-lapse gamma monitoring at blind wells resolves in detail the propagation of waste fronts and their vertical restriction to high-permeability units.

· Hydrochemical monitoring data at filtration wells throughout the disposal sites, recording the evolution of groundwater composition and radioactivity with time.

· Mineralogical, chemical and textural analysis of rock samples.

· Hydrogeological monitoring and hydraulic test results and interpretation.

Extensive documentation of the structure of the databases has also been made, in order to guarantee an adequate preservation of the data in the future. The ownership and use of the BORIS Database is governed by the BORIS Project Technology Implementation Plan. 

Database Analysis

In the time available to the BORIS Project, only a preliminary analysis of the data has been possible. More analysis of the database is required to gain full benefit from the data.

The monitoring data record the migration of activity and chemistry within the region of the disposal sites. The data demonstrate that clay layers within and adjacent to the disposal horizons are effective barriers to vertical radionuclide migration. Waste solutions are confined within specific, higher permeability horizons. Gamma records from blind wells, which do not communicate with the disposal horizons, may be used to define infiltration fronts at different structural levels.

The flow within the disposal horizons is complex, resulting from the sporadic injection events, the heterogeneity of the rocks and complex chemical reactions that occur between the rocks and the injected fluids. The most rapid transport of waste components is along the highest permeability layers and is related to injection events. Preliminary analysis indicates that the geochemical monitoring data frequently record “spiked” maxima in chemical component concentration and activity that are clearly coupled in time. The maxima are related to hydraulic interactions between filtration wells and permeable horizons. Spiked monitoring records are not observed in gamma data from blind wells that are closed to the disposal horizon.

It is questionable whether the spiked monitoring data can be modelled in detail, although it is possible that a more detailed analysis of the monitoring record, taking into account the depth of sampling, might reveal less complex behaviour. However, the spikes are superimposed upon broader trends in the monitoring history that are more readily interpretable in terms of infiltration theory. Such broader trends in the data may be more amenable to transport modelling, particularly when correlated across the site. Future transport modelling may be based on the detailed understanding of geological structure that is now documented in the BORIS Database.

Groundwater chemistry and gamma logs may be combined to estimate the extent to which different radionuclides are retarded by the rocks of the disposal horizons. Away from the chemically complex zone near to the injection wells, groundwater chemistry and gamma logs may be combined to estimate effective adsorption and effective Kd values for different radionuclides.

Groundwater Sampling and Analysis

During the time that the database was being compiled, the BORIS Project was also able to obtain samples of groundwater from the Tomsk-7 site, including both fresh and contaminated water. The contaminated water was collected from two different disposal areas where high- and intermediate-level (HLW and ILW), and low-level waste (LLW), respectively, was disposed. The water samples were analysed at Tomsk-7 and at the Institute of Physical Chemistry, Russian Academy of Sciences (IPC RAS) in Moscow. The composition of the contaminated groundwaters was compared with the composition of waste solutions injected into the disposal horizons near to the sampling points. There is an observed reduction in the gross (-activity in the contaminated groundwater by 2-3 orders of magnitude, and reduction of the (-activity by 7 orders of magnitude, compared to the injected waste solutions. A number of processes are likely to be responsible, including sorption, deposition of particulates, and the incorporation of radionuclides in newly formed phases. Strong sorption control in the far-field was predicted by a geochemical modelling exercise, carried out by several groups within the BORIS Project, and the observations at Tomsk-7 could be interpreted to demonstrate the effectiveness of sorption in retarding radionuclide migration. Data for U and total (-activity suggest that Pu and other actinides are more strongly sorbed than U in the disposal horizons. 

The groundwater samples were filtered and the composition and crystal structure of particles collected on 400, 50 and 5 nm filters has been determined, and its total alpha-activity, beta-activity and uranium content analysed. The results demonstrate that many of the polyvalent radionuclides in the contaminated groundwaters are associated with colloid-sized microcrystalline particles. Although other interpretations could be made, it is possible that colloid transport is occurring in the Tomsk-7 disposal horizons, but this must be corroborated by further investigations.

In order to take these analytical studies further forward, western laboratories need groundwater samples for direct radiochemical, speciation and colloid analysis. Transport of groundwater samples to western laboratories remains to be demonstrated, but discussions are underway with relevant Russian organisations regarding future arrangements. Such sample transfer has been agreed in principle, but will first require approval from the Russian Ministry of Atomic Energy (MINATOM).

Sorption Studies

Two rock samples from the disposal horizon at Krasnoyarsk-26 were obtained. The samples were distributed to the laboratories of three of the project participants for a series of experimental studies focused on their retardation properties in response to waste injection. Retardation experiments focused on the elements Cs and Sr, which are principal constituents of the injected wastes, and both batch and column experiments were conducted. One set of experiments was done under normal laboratory conditions, another was done under normal conditions but using radioactive isotopes of some of the elements, and a third set of experiments was done at elevated temperature and pressure to simulate aquifer conditions. The experiments resulted in similar results, independent of the approach used. The comparison of experimental sorption studies from three laboratories using contrasting experimental approaches builds confidence in existing laboratory work on sorption. In addition, the good agreement between batch and column experiments for rock samples from the Krasnoyarsk-26 site builds confidence in the application of batch experiments to determine sorption characteristics of permeable lithologies such as the disposal horizon sandstones.

Of the elements studied, Sr is the most sensitive to experimental conditions. The experiments of IPC RAS demonstrated that Sr-90 is mobile and exchangeable. The intercalibration experiment provided evidence that Sr transport is affected by secondary reactions such as the precipitation of SrCO3.  The investigation of chemical reactions on sample permeability demonstrated that significant quantities of stable Sr contained in natural aquifer minerals is released during equilibration with contaminated groundwater. Sr-90 in solution is diluted by this released stable Sr, and is also retarded by sorption, and by precipitation of new phases. 

In sorption studies there is a need to take account of mineral transformations, including secondary phase formation, and the elemental phase (speciation) in solution.  In particular, the chemistry of the waste solution has a profound effect on fluid-rock interactions. The laboratory experiments at disposal horizon conditions show that mineral transformations may have a profound, though localised, effect on permeability, and demonstrate that these transformations may be effectively studied in the laboratory. It is uncertain whether, under natural conditions within the disposal horizon, such transformations have a significant influence on waste migration. 

Microbiological Studies

Many environmental processes are influenced, or in some cases controlled, by microbiological activity, and it is therefore important to develop an understanding of the roles of microorganisms in geochemical processes at the deep well injection sites. Because radionuclides may become bound to micro-organisms of natural origin, they may be stabilised in the mobile phase at concentrations far above the solubility limit. As found in column experiments, radionuclides attached to micro-organisms may be transported faster than conservative tracers owing to pore-size exclusion and electrostatic effects. The BORIS Project has studied the potential for such enhanced transport of radionuclides at the Tomsk-7 and Krasnoyarsk-26 disposal sites. Filtered groundwater samples from Tomsk-7 were collected and transported to the Institute of Microbiology, Russian Academy of Sciences (IM RAS) in Moscow, and to the Institute of Radiochemistry, Forschungzentrum Rossendorf (FZR), for microbiological analysis. The analysis in Moscow used culture enrichment techniques, while that in Rossendorf used microbial DNA analysis.

Complex and diverse natural bacterial populations are present in the disposal horizon groundwaters at Tomsk-7. By analogy, similar populations are probably also present in groundwaters at Krasnoyarsk-26. Some of the bacteria have been demonstrated to interact with the waste chemistry and with radionuclides. Some of the bacteria are known to exhibit a strong interaction with uranium and heavy metals in other contaminated environments, and it is likely that similar interactions with other actinides will occur. The presence of denitrifying bacteria is consistent with a possible role of such bacteria in the observed rapid fall in nitrate concentration at many monitoring wells, following waste injection. The results can be used for long-term microbial monitoring of Horizon II in response to waste injection. Because some microbes may become bound to radionuclides, the evolution of the microbial population may influence radionuclide transport.

Communication and PA Relevance

A strategy for the communication of the project outputs to various stakeholder groups has been developed. Information about the project has been released in the form of a project Web Site and newsletters. The Web Site address is www.galson-sciences.co.uk/BORIS/. 

We envision a variety of potential future applications of the results of BORIS by radioactive waste management organisations and regulators. These include: 

· Testing radionuclide transport and speciation models and codes.

· Investigating on a practical case the transfer of knowledge from detailed process-level models to integrated-level models used in PA calculations.

· Providing constraints on the radionuclide transport properties of clays and sandstones.

· Evaluation of the potential of colloids and micro-organisms to enhance the transport of radionuclides.

· Support to western PA programmes through provision of analogue information.

· Testing our understanding of radionuclide transport under near-field and far-field conditions.
A plan for a programme of follow-up investigations has been developed, including on-site monitoring experiments that will focus on radionuclides of special interest to PA programmes, such as C-14, Cl-36, I-129, Se-79, Tc-99, and various actinides. High-resolution spectral gamma logging in blind and filtration wells, to resolve in detail the distribution of individual radionuclides at sandstone/clay boundaries would also be carried out. At Tomsk-7, SCC is in the process of obtaining official approval at high government level for western scientists to visit the deep well injection sites, participate in groundwater sampling exercises, and transfer water samples to western European laboratories for detailed radiochemical analysis.
The achievements of BORIS go well beyond the original workplan, as described in the contract Technical Annex, and demonstrate the creation of a vigorous and effective collaboration between a variety of organisations in western Europe and Russia. It is hoped that future work will be able to build on these achievements under the forthcoming Sixth Framework Programme.
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