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Abstract. Remediation after the Fukushima accident, which has largely focused on the reduction of external dose rates, is being carried out over a wide area, including the municipalities which were evacuated. Selected challenges faced during remediation at Fukushima are described. Technical and scientific support which can enhance national and international capabilities to carry out remediation in the post accident recovery phase are discussed. The text draws on the outcomes of IAEA activities such as a recent report on the Follow–up International Mission on remediation of large contaminated areas off-site the Fukushima Daiichi Nuclear power plant and the International Experts Meeting on Decommissioning and Remediation. 
1. Introduction
Remediation is relevant to the post accident recovery phase of an accident. The IAEA Safety Glossary [1] defines ‘remediation’ as: “any measures that may be carried out to reduce the radiation exposure from existing contamination of land areas through actions applied to the contamination itself (the source) or to the exposure pathways to humans”. Thus, remediation, if used in a narrow sense, concerns the reduction of exposures through actions directed at the source and/or exposure pathway. From a wider perspective, “The objectives of remediation encompass more than reducing radiation doses to humans. The notion of ‘health’ has been defined as a state of physical, mental and social well-being by the World Health Organization. Therefore, a further objective of remediation and recovery of affected areas is a return to normal life and livelihoods” [2]. 
Remedial actions should ideally be commensurate with risks and yield benefits to both individuals and society, including the reduction in radiation detriment, that outweigh the cost of such actions and any harm or damage caused by the actions. In practice, the balance between the perceived benefits of averting radiation dose and the cost varies after accidents in diverse parts of the world and in different decades. In part, this is because remediation needs to involve the close interaction of relevant stakeholders. In Japan, the efforts to avert small doses in some affected areas have been higher than other accidents. These efforts have been justified by addressing wider objectives such as the need to ensure the continued acceptance by consumers of agricultural produce and other social and cultural issues.

2. Remediation after the Fukushima Daiichi accident
Remediation was conducted in Japan under The Act on Special Measures [3], which was partially enacted in August 2011 and fully enacted from January 2012. The estimates of additional annual effective dose to individuals used to define the designated areas for remediation were deliberately conservative and based on the concept of the critical group. Based on conservative assumptions, an air dose rate of 0.23 µSv/h was assumed to correspond to an additional annual effective dose of 1 mSv. The contaminated areas were arranged into two categories, based on the additional annual effective dose estimated in August 2011:

·  Special Decontamination Area (SDA) [Figure 1]. Consists of previously “restricted areas” within a 20 km radius from the Fukushima Daiichi NPP and the “deliberate evacuation areas” where the additional annual effective dose for individuals was anticipated to exceed 20 mSv during the first year after the accident. The national government is responsible for formulating and implementing remediation plans in the SDA.
·  Intensive Contamination Survey Area (ICSA) [Figure 2]. Includes municipalities where an additional annual effective dose between 1 mSv and 20 mSv was estimated for individuals in some parts of the municipality. Those areas where the air dose rate exceeded 0.23 µSv/h have been designated “Decontamination Implementation Areas”. Municipalities implement remediation activities in these areas.
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Figure 1:  The SDA and ICSA in Japan [as of 1 Jan 2012] [4]
The remediation strategy applied in Japan includes the ICRP and IAEA dose criterion [reference level
 of annual additional effective dose in the range 1-20 mSv] and guidance on justification, optimisation and limitation regarding implementation of remediation measures [5-7]. The remediation strategy adopted by Japanese authorities was a stepwise and rapid reduction in total doses in residential areas and farmland. The long term goal is that the additional annual effective dose shall be 1 mSv or less. Due to the relatively low mobility of radiocaesium in most Japanese soils and the imposition of comprehensive food monitoring the internal dose pathway is small in Japan. Most of the additional annual effective dose arises from the external dose pathways from 2012 onwards.
3. Estimation of doses

The ICRP and IAEA quantitatively defined the representative person as a virtual person receiving an average dose from the upper 10% of the population dose distribution. The designation of areas to be remediated adopted in Japan used highly conservative assumptions for converting the air dose rate criteria of 0.23 uSv/h into an additional annual effective dose of 1 mSv. Analysing the results of the dose assessment performed by UNSCEAR [8], it is clear that large areas of land, especially in the ICSA, have been designated for remediation where the average additional annual effective doses are well below 1 mSv from 2012. 
The situation after the Fukushima accident highlights a key challenge after nuclear accidents. Reference levels for remediation should ideally be set on the basis of a large amount of accident and site specific information. However, this is probably unrealistic as authorities cannot wait for such data to be collected. Estimates of doses to people derived from modelling alone are initially associated with large uncertainty; but in the post accident recovery phase environmental and individual monitoring data can be used to improve the site-specificity of models and to provide reliable estimates of effective dose rates to people. Thus, such reference levels tend to be highly conservative due to the uncertainty and lack of information One possible solution to this issue is for countries to develop models for the estimation of both internal and external dose using country-specific data as part of emergency preparedness. This would enable the derivation of reference levels such as air dose rates before an accident. 
3.1 Setting derived reference levels

The application of dose criteria in practice is a complex task, since the radiological end point — the annual effective dose to the representative person — is dependent on many factors including the radionuclides involved, the environmental conditions, land use and living habits. Derived reference levels such as measurable air dose rates and/or radionuclide activity concentrations in various environmental media, foodstuffs and feed for agricultural animals, are more suitable for practical application when they are specific to the accident and are derived using appropriate models with site specific parameter values. These reference levels need to be based on adequate site specific information and the method of deriving the values should be transparent for both the public and experts. 

In Japan, many derived reference levels have been applied, some were novel, such as those for wood used to grow or cultivated mushrooms. Tiered soil reference levels have guided the use of different remedial measures, thereby avoiding top soil removal in some areas. 
3.2 Identifying areas/pathways for remediation
After a nuclear accident, there is often high environmental spatial and temporal variation in radionuclide deposition densities and consequent activity concentrations in environmental materials. Radiocaesium and radiostrontium are often the most important dose-forming radionuclides in the long term due to the relatively long physical half lives of some of their radioisotopes, gamma emissions (from radiocaesium) and their high environmental mobility. 
One of the main objectives of environmental characterization and monitoring is to evaluate farming, food distribution and forestry/fishing systems to assess the extent of, and variation in, public exposures. Combining monitoring with characterisation in contaminated areas allows better identification of both key exposure pathways and constraints on possible remediation options. Monitoring also demonstrates compliance with the remediation criteria, provides information on the efficiency of implementation of adopted remediation strategies and reassurance for stakeholders and people living in contaminated areas that the remediation approach is appropriate and effective. 
The development, testing and availability of an adequate number of suitable devices to measure radioactive contamination in different environmental materials, and to compile the information effectively, is essential. In Japan, initial availability of measurement devices was limited, but now systems have been developed to measure external dose rates and compile the information rapidly via online systems. 
Some exposure pathways have been identified in Japan which have previously received little global attention. Examples include the high radiocaesium in certain foodstuffs (eg. Koshiabura), and the long term, lateral transfer of radiocaesium from steep, forested catchments to paddy fields and water bodies. Many countries are currently not aware of which food pathways are the most likely to produce relatively contaminated food, and how this might be managed. 
3.3 Identifying, evaluating and implementing remediation measures 
Remediation should contribute to a sustainable approach promoting agriculture and commerce, and also enable social and cultural activities to continue in affected areas. Remediation measures are largely designed to reduce the ingestion dose from consumption of contaminated food and drinking water, external dose from contaminated surfaces, and inhalation dose from resuspended material. 
A purely technical solution to remediation may not take into account many other relevant factors which determine whether it is suitable. Such factors include the location and timing, effectiveness, feasibility, costs, legislation, management of waste generated and environmental issues. Positive social and economic outcomes are important additional benefits of remediation, in addition to dose reduction. Such information on remediation measures has been compiled which enables users to critically evaluate their suitability for areas requiring remediation. National and international guidance documents on remediation after nuclear accidents are largely based on previous experience of the Kyshtym and Chernobyl accidents. Relevant documents include the TRS 475 [9] and many IAEA documents on remediation of legacy sites. 
Since 2011, considerable efforts were made in Japan to rapidly acquire knowledge of available remediation measures and to explore applicability to site-specific conditions, utilizing international guidance, European Handbooks, published literature and contacts with scientists with experience of the Chernobyl accident. 
The implementation of “Pilot Demonstration Projects” in Japan was a key element of the remediation strategy where many potential experimental or field-based measures were tested. These projects identified the most effective and suitable remediation measures for implementation in Japanese conditions. Subsequently, a suite of selected measures was developed and applied as full scale decontamination projects, considering contamination level and priority of land use. The effectiveness of decontamination measures has been assessed using surface dose rate and/or air dose rate measurements. Detailed technical guidelines on remediation measures were made available for municipalities and operators [10]. A key initial and ongoing focus of the remediation strategy in Japan has been the implementation of a range of decontamination measures, including high pressure water cleaning and top soil removal, to reduce external doses. Top soil removal has focused largely on inhabited areas (including farmsteads) with some application on agricultural land. Different ploughing methods are being used increasingly with time to ensure minimal radiocaesium contamination of foodstuffs. Decontamination is being implemented extensively in urban areas and farmsteads in both the ICSA and SDA (Area 1 and 2). Progress has been rapid and remediation has been completed in many municipalities in the ICSA, especially outside of the Fukushima prefecture.
The measurement of air dose rates is meaningful, but needs to be linked to realistic occupancy times of people in different locations. Therefore, measurement of the external dose rates received by people using personal dosimeters is essential to provide more realistic information on the additional annual effective dose for residents. Further consideration of how to reliably estimate external exposure based on air dose rates would be valuable.
Initial comparisons suggest that the effectiveness with respect to dose reduction of many remedial measures applied in Japan is similar to that in Europe after the Chernobyl accident. There are considerable differences between countries which influence the suitability of different remedial measures including infrastructure, the economic situation and cultural perspectives of society. This means that some remediation options and lessons learned from the recovery phase of previous accidents may have variable relevance to other accidents. The practicability, feasibility and acceptability of some remedial measures differ considerably in Japan compared with the situation after the Chernobyl accident. Careful analysis of the reasons for differences in the decisions made in Japan and the implementation of remedial measures compared with other accidents will be valuable in extracting lessons for the global community. 
The development of an initial tool box of potential remediation measures which are considered suitable for the environmental, agricultural, cultural and social characteristics of each country would be invaluable in preparing for remediation. Such initial preparation has been actively considered in European counties and involved a wide range of stakeholders. 
3.4 Waste generation and waste management
Decontamination by removal of radionuclides from surfaces and the removal of surface soil may be an important part of remediation for areas affected by nuclear accidents. Such techniques have previously been applied for small inhabited areas (as after the Kyshtym and Chernobyl accidents) and small amounts of agricultural land (Kyshtym accident). Decisions on the extent of such decontamination measures involve balancing the high logistical requirement and waste disposal costs against the achievable averted dose, the economic value of agricultural land, its availability and the desire of local communities to return to their land. 
In Japan, there has been widespread removal of contaminated material from large numbers of residential communities and agricultural land. Decontamination has resulted in significant challenges regarding waste disposal and high associated costs. The material removed includes both top soil and large amounts of contaminated material from forest boundaries near residential areas. To cope with the large amounts of generated waste, Japan has developed temporary storage sites and is planning both interim and final storage facilities. It has also planned for the extensive use of incineration and volume reduction measures. 
Japan has considerable experience and facilities for incineration, but this is not the case for many countries. There is a need for prior consideration of potential waste generation and management issues in remediation planning to ensure that appropriate remediation measures are adopted which do not generate more contaminated waste than can be dealt with by the infrastructure or economic resources available.
4. Summary

The objectives of remediation after nuclear accidents need to be broadened to ensure that radiological effects, as well as physical, mental and social well-being are appropriately taken into account. International guidance should be further developed to reflect a wide remit for the objectives of remediation which, in addition to reducing public exposures, includes economic and social perspectives, such as maintaining public trust in food safety. 
Decisions made in the emergency phase can impact greatly on the planning and remediation strategy adopted in the post accident phase. For most countries, the main focus is on emergency preparedness, whereas little consideration is given to the post-accident recovery phase, especially off site. Accident exercises seldom consider more than the first few days;. Furthermore, the development of appropriate policy and plans for post accident recovery is rare. 
Those countries which have experienced dealing with remediation after a major accident have practical expertise and experience, but many countries do not. A key challenge is to promote the need to develop expertise and knowledge on remediation. It is also important to retain knowledge and expertise within those countries that have relevant experience. The international community needs to learn from the experience and expertise of Japanese scientists involved in the remediation activities and revise international guidance documents to take into account lessons learned when during the post accident recovery phase in Japan. The Fukushima Report being prepared by the IAEA will provide an important input. 
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