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Abstract 
It is estimated that there are at least 250,000 tonnes of irradiated graphite 
worldwide that will require eventual disposal. This graphite arises from a 
number of sources, but principally comprises moderator and structural mate-
rials for experimental reactors, production reactors, commercial power reac-
tors and fuel assemblies. In the UK, a significant proportion of its irradiated 
graphite is classified as Intermediate Level Waste. Such waste is not heat ge-
nerating but has a radioactive content exceeding 4 GBq per tonne alpha or 12 
GBq per tonne beta/gamma activity. While the classification of waste is not 
consistent across states and proposals by individual states for the manage-
ment of their graphite waste vary considerably, a common interest is the na-
ture and distribution of its radioactive content. The radionuclides in irra-
diated graphite presenting the most significant long-term hazard are Carbon 
14 (C-14) and Chlorine 36 (Cl-36) with half-lives of 5730 and 301,000 years 
respectively. For a better understanding of the way in which C-14 is pro-
duced, its distribution within irradiated graphite and realistic quantification 
of activity can potentially lead to improved characterization to validate its 
status within current or future waste classifications, segregation to reduce In-
termediate Level Waste volumes, or treatment to reduce activity enabling 
re-classification as Low Level Waste. This paper reviews all these issues and 
then focuses on the significance of C-14. Some findings from a National 
Nuclear Laboratory study of C-14 levels in carbonaceous deposits and the 
underlying Magnox reactor graphite are presented to illustrate the need for 
thorough characterization of the waste material. These results are discussed in 
the context of aqueous leaching of C-14 from irradiated graphite and poten-
tial treatment options to minimize aqueous release. The paper concludes with 
some broader observations on the significance of C-14 in nuclear reactor 
graphite components and how these issues should be considered when pre-
paring the lifetime management of new nuclear plant. 
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1. Introduction 

It is estimated that there are at least 250,000 tonnes of irradiated graphite 
worldwide (excluding China) that will require eventual disposal. This graphite 
arises from a number of sources, but principally comprises moderator and 
structural materials for experimental reactors, production reactors, commercial 
power reactors and fuel assemblies. States having the largest holdings of irra-
diated graphite are the UK, the Russian Federation, the USA and France (Figure 
1) with the largest holder, the UK, estimated to have ~97,000 tonnes of irra-
diated graphite [1]. With the UK as an example, the bulk of its irradiated gra-
phite is currently classified by the UK Environment Agency as intermediate level 
waste (ILW) (Figure 2) with a volume of ~67,000 m3. As defined in the UK, such 
waste is not heat generating but has a radioactive content exceeding 4 GBq per 
tonne alpha or 12 GBq per tonne beta/gamma activity. ILW defined in this way 
must be packaged and stored in a purpose-built waste repository with all the as-
sociated significant costs. In fact, the total UK ILW inventory is estimated to 
contain 3,800,000 TBq of activity with approximately a quarter of this assigned 
to irradiated graphite [2]. 

While the classification of waste is not consistent across states and proposals 
by individual states for the management of their graphite waste vary considera-
bly, a common interest is the nature and distribution of its radioactive content. 
In recent years, a number of substantial initiatives have been undertaken to in-
vestigate irradiated graphite characterization, processing, immobilization and  
 

 
Figure 1. World inventory of irradiated graphite waste (tonnes), not including 
China (based on data from [1]). 
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Figure 2. UK waste classifications [2]. 

 
disposal, most notably through the EU 6th Framework Project “Carbowaste” [3], 
an IAEA Coordinated Research Project “Processing of Irradiated Graphite to 
Meet Acceptance Criteria for Waste Disposal” [1], the Euratom research project 
CAST (Carbon-14 Source Term) [4] and the IAEA Project GRAPA (Irradiated 
Graphite Processing Approaches) [5]. The radionuclides in irradiated graphite 
presenting the most significant long-term hazard are Carbon 14 (C-14) and 
Chlorine 36 (Cl-36) with half-lives of 5730 and 301,000 years respectively. Cl-36 
is highly mobile, particularly in its inorganic form, but it is the behavior of C-14 
that has generated most interest and study as a long-term radiological hazard. 

For a better understanding of the way in which C-14 is produced, its distribu-
tion within irradiated graphite and realistic quantification of activity can poten-
tially lead to improved characterization to validate its status within current or 
future waste classifications, segregation to reduce ILW volumes, or treatment to 
reduce activity enabling re-classification as Low Level Waste (LLW). Such un-
derstanding will also be invaluable in the context of new reactor build where 
strategies must be in place before construction to deal with future waste man-
agement requirements. 

2. C-14 Production and Its Significance 

While there are a number of pathways for the formation of C-14 in irradiated 
graphite, there are two principal pathways via neutron interactions with precur-
sors C-13 and N-14. There has been considerable debate over the relative im-
portance of these two C-14 precursors. C-13 is present in all nuclear graphite 
originating from fossil sources, indistinguishable from C-12 atoms, and its con-
centration is known to a reasonable level of accuracy (natural abundance ~1.1% 
[6]). In contrast, N-14 is present as an impurity from air either covalent-
ly-bonded within the graphite crystal lattice during the manufacturing process, 
trapped in closed porosity as air during manufacture or adsorbed on graphite 
surfaces during manufacture or subsequent reactor environment exposure. 
Consequently, the contribution from N-14 will depend upon raw materials dur-

High Level (or Heat Generating) Waste (HLW) – waste in which 
the temperature may rise significantly as a result of their 

radioactivity, so this factor has to be taken into account  in the 
design of storage or disposal facilities.

Intermediate Level Waste (ILW) – wastes exceeding the upper 
boundaries for LLW, but which do not require heating to be taken 

into account in the design of storage or disposal facilities.

Low Level Waste (LLW) – wastes having a radioactive content not 
exceeding 4 GBq per tonne of alpha or 12 GBq per tonne of 

beta/gamma activity.
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ing manufacture, manufacturing process and reactor operating environment. 
Reactors operating in air or with a cover gas of nitrogen, such as the RBMK, 
would see a significant contribution from N-14 in contrast to gas-cooled (helium 
or carbon dioxide) reactors. A third but much less important direct thermal 
neutron capture pathway involves O-17. 

N-14 + n —› C-14 + p 
C-13 + n —› C-14 + γ 
O-17 + n —› C-14 + α 
There will be some contribution to C-14 production via C-12 itself 
C-12 + n —› C-13 + γ 
C-13 + n —› C-14 + γ 

and a C-14 destruction pathway by neutron capture: 
C-14 + n —› C-15 + γ 
C-15 —› N-15 + β 
Therefore, C-14 activities in irradiated graphite will differ between reactor 

types and even between reactors of similar design, but all with a broadly fixed 
contribution from the C-13 impurity. 

The presence of C-14 in reactor systems is regarded as a radiological hazard. 
In the UK, the Environment Agency sets limits on both C-14 discharges from 
operating plant on nuclear licensed sites as well as discharge limits at storage fa-
cilities and repositories. As shown in Figure 1, historical volumes of irradiated 
graphite are large and much of the graphite may be classified as ILW or equiva-
lent, which is expensive to store long-term. Cost benefits could be significant if 
some or all irradiated graphite could be re-classified as LLW or equivalent. 
Strongly linked to waste volumes and the costs associated with packaging and 
storage is the behavior of C-14 within the matrix. The mobility of C-14 will in-
fluence waste management options. Depending upon its mobility, there may be 
potential treatment processes for removing C-14 that could subsequently lead to 
re-classification. Conversely, if mobility was negligible or low, this could influ-
ence the design of packaging and the type of long term storage. A better under-
standing of the way in which C-14 is produced, its distribution within irradiated 
graphite and realistic quantification of activity could potentially lead to: 
 Improved characterization to validate its status within current or future 

waste classifications. 
 Segregation based upon activity to reduce ILW volumes (or equivalent). 
 Treatment to reduce activity enabling re-classification as a lower waste cate-

gory. 

3. Modelling C-14 Production 

Activation modelling is a powerful tool widely used as a method for calculating 
radionuclide activities. The NNL approach to such modelling is similar to that 
adopted by other reactor physics specialists. A non-deterministic reactor physics 
code such as MCNPX is employed for modelling the behavior of complex reac-
tor geometries. A processing code then converts group MCNP flux tallies to 
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FISPIN (FISsion Product Inventory) libraries and finally FISPIN itself deter-
mines the irradiated nuclide inventory as a function of initial impurity concen-
tration, reactor power, initial enrichment, irradiation and cooling time [7]. 

Despite the uncertainty in the C-14 source term discussed above, activation 
modelling in combination with actual measurements of C-14 activities allows 
predictive models to be calibrated and for C-14 distributions within core com-
ponents and across whole reactor cores to be quantified. Of course, any applica-
tion of a localized calibration against measurement globally across a system 
would require justification. Predictions will only be as good as the model inputs, 
in particular, impurity concentrations, capture cross sections and irradiation 
history. If the modelling is for a complete reactor system (graphite core and 
coolant gas), the modelling of C-14 production in reactor gas coolants is rela-
tively successful since their chemical composition is known. The contribution to 
C-14 production in graphite from C-13 (and C-12) can be calculated with some 
confidence using a dynamic activation model that includes all relevant produc-
tion and destruction pathways. But significant problems can arise due to large 
uncertainties in the contribution from N-14. To illustrate this point, model cali-
brations against measurement indicate variations in nitrogen concentration at 
UK Magnox reactors in the range 0 - 10 wppm [7], French UNGG reactors ~4 
wppm [8] and the Lithuanian RBMK reactors ~70 wppm [9]. Chemical analysis 
for the Japanese Magnox reactor indicates concentrations in the range 40 - 160 
wppm [10]. An activation modelling study of the relative contributions to C-14 
production from C-13 and N-14 precursors [11] has shown that an equal con-
tribution is predicted when the nitrogen concentration reaches ~10 wppm. Ac-
tivation modelling studies have also shown relative distributions of C-14 across 
an entire Magnox reactor graphite core [7] and axially within an RBMK reactor 
core [9]. 

Activation modelling has also been used successfully to account for C-14 ga-
seous discharges from a UK Magnox power station [12]. Activation modelling 
was used to predict C-14 production rates in both the graphite core and the car-
bon dioxide coolant over a selected period of operation and the results compared 
with monitored site C-14 discharges. Separate activation models were set up to 
account for principal activation routes in the graphite core and the carbon dio-
xide coolant gas. The C-14 gaseous release mechanism from the graphite core 
was by radiolytic graphite oxidation. From a study of model predictions and 
measurement, it was concluded that an average nitrogen impurity level across 
the core was 10 wppm and the average C-14 activity 9.55 × 104 Bq∙g−1. It was 
shown that the contribution to C-14 levels from the coolant gas was small 
(~15%) and that the total C-14 activity predicted to be released over a 2 year pe-
riod agreed to within 5% of the figure reported to the environment agency. 

This brief account of activation modelling and its application to irradiated 
graphite illustrates that it can be a valuable tool if used with care. Particular at-
tention needs to be paid to impurity (C-14 precursor) concentrations and their 
distribution within components and across a whole core. It is also important to 
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highlight the studies of Poncet and Petit [8] which caution comparison of model 
prediction and measurement for calibration purposes. They have observed wide 
discrepancies between derived impurity levels from such comparisons which 
they attribute to sampling phenomena relating to high purity materials. 

4. NNL Experimental Studies 

Over a number of years, NNL has been and continues to undertake an internal-
ly-funded research project entitled “Understanding the formation and behavior 
of C-14 in reactor graphite to support waste management”. One focus of this 
project has been to investigate the role, if any, of carbonaceous deposits to the 
distribution and level of C-14 activity in Magnox reactor graphite core compo-
nents. Magnox reactor cores are known to contain surface carbonaceous depo-
sits, which can vary in morphology depending upon operating environment 
(Figure 3). These deposits are easily removed by low temperature thermal 
treatment in air. Preliminary studies [13] have indicated that C-14 activities in 
these deposits are significantly higher than those in the underlying graphite. This 
finding has been independently confirmed in similar studies [14]. Furthermore, 
aqueous leaching studies on the same graphite show that there is a small more 
mobile fraction of C-14 with a relatively rapid rate of release of C-14 and a large 
stable fraction with a negligible rate of release (see for example [15] [16]). These 
two findings raise some interesting issues: could deposit removal be a potential 
treatment option that might permit re-classification of the waste graphite and is 
there a link between raised C-14 levels in deposits and leaching tests? 

The experimental programme to investigate these issues comprises two parts: 
 Thermal oxidation in air of graphite trepanned from the fuel channel wall of 

Magnox reactor moderator bricks. 
o To quantify surface carbonaceous deposit concentrations; 
o To measure C-14 activities in deposits and the underlying graphite; 
o To characterize C-14 distribution within the graphite. 

 Leaching tests on graphite with and without carbonaceous deposits. 
o Investigate possible link between C-14 in deposits and mobile C-14 frac-

tion during leaching. 
Tests have been performed on 12 mm diameter × 6 mm length disc specimens 

which have one surface forming part of the fuel channel wall of the moderator 
brick. Each disc was cut into two pieces with each half undergoing a series of low 
(450˚C)/high (600˚C - 650˚C) or high/high temperature oxidations in air in a 
thermogravimetric analyzer (TGA) (Figure 4). The effluent gases were passed 
through a series of bubbler solutions to capture tritium (bottles 1 and 2—dilute 
nitric acid) and C-14 (bottles 3 and 4—Carbosorb) (Figure 5). A sub-set of the 
test specimens underwent pyrolysis and C-14 analysis to enable the entire C-14 
content of the samples to be quantified. 

Oxidation in the TGA allows the mass loss of the sample to be monitored with 
time. The slow oxidation enables the higher rate deposit oxidation to be  
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Figure 3. Contrasting surface carbonaceous deposits on graphite surfaces from two UK 
Magnox reactors. Upper images show 12 mm diameter disc, lower images show surface 
detail (scale 10 μm). 

 

 
Figure 4. Schematic showing oxidation stages for the two half discs. 

 

 
Figure 5. Schematic of experimental setup. 
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monitored and by fitting the mass loss data to a two-component oxidation mod-
el, the deposit concentration to be quantified. The high temperature oxidation 
that follows releases C-14 in the absence of deposit and the C-14 activity in the 
underlying graphite can be calculated. Knowing this activity, the total C-14 ac-
tivity release from the low temperature stage can be partitioned between deposit 
and underlying graphite. The high/high oxidation of the other half disc provides 
a cross-check on C-14 activity in the underlying graphite (after correction for 
deposit) and also allows the C-14 activity of the underlying graphite to be meas-
ured for different mass loss steps to investigate any possible activity variation 
with mass loss. 

C-14 activities from the preliminary studies evaluated for deposits and for the 
underlying graphite are summarized in Figure 6. The figure includes data pre-
viously reported by the authors [13] together with hitherto unpublished archive 
data (for the underlying graphite). The y-axis is plotted on a log scale. C-14 ac-
tivities for the deposit are approximately a factor 80 higher than those for the 
underlying graphite. This preliminary study has now been expanded as part of 
the experimental program described above to include a larger set of samples 
covering both the Oldbury and Wylfa Magnox reactor graphite cores. This work 
is approaching completion and the results are in preparation for publication. 

The new leaching studies are intended to build on leaching experiments per-
formed at NNL by the University of Manchester [16]. Irradiated graphite from 
an Oldbury Magnox reactor graphite core was placed in deionized water with 
the leachate removed for analysis and replaced at defined time intervals. In the 
study now being progressed, initially scoping tests have been completed on just 
two samples which have had their carbonaceous deposits removed by thermal 
oxidation in air at 450˚C (thereby removing a negligible amount of the underly-
ing graphite). The samples were then put through a similar leaching regime as 
those tested by Manchester, but in this case with leachates replaced at 1, 4 and 20 
days. The findings are not reproduced here, but they clearly show similar beha-
vior to that of the untreated graphite. 

The findings so far from this ongoing study can be summarized as follows. 
Carbonaceous deposits present in the Oldbury Magnox reactor core have C-14 
activities orders of magnitude higher than those of the underlying graphite. 
Based upon a very small experimental study, the initial release of C-14 during 
aqueous leaching does not seem to be associated with carbonaceous deposits. 
There is clear evidence for a small mobile fraction of C-14 under leaching condi-
tions but a significant portion is released at extremely low rates. 

It is instructive at this stage to look at C-14 activities in graphite reported for 
other reactors. These are summarized in Table 1. Any comparison should be 
treated with care as some values are based on measurements on discrete samples 
and others (French data) are estimates for an entire core. Magnox and UNGG 
values are broadly similar, as expected RBMK values for graphite under nitrogen 
cover are significantly higher. 
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Figure 6. C-14 activities (Bq g-1) in carbonaceous deposits and underlying graphite. 

 
Table 1. C-14 activities measured in graphite from other reactors. 

Reactor C-14 activity (Bq/g) 

UK Magnox (Oldbury) 9.8E04 

UK Magnox (Wylfa) 8.6E04 

Japan Magnox (Tokai) [10] ~8.4E04 

Lithuania RBMK (Ignalina) [17] ~5.2E04 to 3.6E05 

France UNGG (Bugey 1) [18] ~12.6E04 

France UNGG (Chinon A3) [18] ~4.0E04 

Spain Magnox (Vandellos) [19] ~5.6E04 

5. Treatment before Storage? 

It is beyond the scope of this paper to discuss in any detail graphite waste man-
agement strategies. These are considered at length elsewhere, for example in 
IAEA and Carbowaste publications [1] [20]. Custodians of historical volumes of 
irradiated graphite initially have the choice of ongoing storage in existing repo-
sitories (legacy waste), “safe store” within original reactor containment with or 
without future disassembly/storage/disposal, early or deferred disassem-
bly/storage/disposal. Disassembly could be by the removal of intact individual 
graphite components or by some destructive mechanical means. Examples of the 
former option are the disassembly of the Windscale Advanced Gas-cooled 
Reactor (WAGR) and the Graphite Low Energy Experimental Reactor (GLEEP) 
in the UK. An example of the latter is the disassembly of the Brookhaven expe-
rimental reactor in the US where a mechanical digger was used to break up the 
core for removal. There are also well-advanced proposals for mechanical disas-
sembly using what is described as “nibble and vac”, in which grinding equip-
ment breaks up the core and the resulting ground material is extracted using a 
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vacuum device. Whichever means of disassembly is employed, a decision is re-
quired on whether the graphite is sent for storage in a treated or untreated state. 

The objectives of treatment could include volume reduction (through to the 
extreme of complete gasification), removal of mobile radionuclides by a range of 
physical or chemical processes to enable re-classification or more secure storage 
or immobilization to limit/prevent release of radionuclides. Any treatment must 
be preceded by detailed characterization. The NNL research on C-14 presented 
here investigates one particular aspect of treatment relevant to UK Magnox 
reactor graphite. The presence of high C-14 activities in carbonaceous deposits is 
non-intuitive but suggests that the precursor is almost certainly nitrogen in air 
that adsorbs onto surfaces or surface deposits. There is the opportunity for rep-
lenishment during reactor maintenance outages when the core is exposed to air. 
The ability of nitrogen to be adsorbed on graphite surfaces is well-documented 
[21], albeit under extreme conditions. The benefits of low temperature thermal 
treatment to remove these deposits provide little impact based upon current UK 
waste classifications. Based upon the concentration of deposit and its associated 
C-14 activity, the total C-14 activity of a whole moderator brick can be parti-
tioned between brick and deposit. The NNL data for a 6 mm annulus of graphite 
at the fuel channel wall of a moderator brick indicates that approximately 5% of 
the total activity can be attributed to deposit (noting that C-14 produced in de-
posits cannot be predicted by activation modelling). This figure will be low for 
an entire brick as it is known that deposits are present to a lesser extent on in-
ternal surfaces away from the region under investigation. Its removal would not 
have any impact on the waste classification. This does not close out such an ap-
proach – the possibility of C-14 gradients in the graphite might still point to 
benefits from treatment to remove material close to external and pore surfaces. 

6. Conclusions and Implications for New Build 

While the general characteristics of irradiated graphite and the behavior of C-14 
have been studied extensively, any assessment of graphite waste management 
options for material from a specific plant or facility will require an understand-
ing of that material in relation to its manufacture, irradiation history and chem-
ical environment during irradiation. Such characterization of the graphite is es-
sential in order to select the optimal waste management strategy. Characteriza-
tion will be improved by a combination of sampling and activation modelling. 
An understanding of C-14 behavior requires experimental study as production 
and release mechanisms cannot be predicted with confidence. 

While “safe store” is an attractive option, allowing efforts to be focused on 
more hazardous aspects of reactor decommissioning, an understanding of the 
nature of the radiological hazard associated with irradiated graphite and its im-
pact on final storage/disposal should ideally be addressed now while the exper-
tise exists and access to the cores is (mostly) possible. 

Irradiated graphite volumes and total C-14 activity levels are high which will 
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impact on final storage/disposal. The release of C-14 from irradiated graphite is 
low except under extreme conditions. This finding is encouraging for long term 
storage. It also suggests that there may not be easy treatment options to reduce 
activity and change assigned waste classifications. 

There is a strong likelihood that graphite will continue to feature in next gen-
eration reactor designs such as high temperature gas-cooled reactors (HTR) and 
molten salt reactors. While it will not be possible to make accurate predictions 
about the state of the graphite after irradiation, the experience that has accumu-
lated over recent years should guide designers and operators in the preparation 
of final decommissioning and waste management solutions. 
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