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repository.  Current site characterization data suggests that the composition of gas in 
the geosphere is mainly CH4, with some CO2. 

   

5. Transport of gas via water: The general pattern observed for water evolution is that it 
enters the repository up until such time that sufficient gas pressure builds up and then 
water starts to leave the repository, before, after some time, proceeding towards 
resaturation.  Currently any gases dissolved within the water in the repository are 
assumed by GGM to remain within the repository rather than being transported out with 
the water when it leaves.  GGM could be made more realistic by taking this effect into 
account. 
 
While transport of the dissolved gas out of the repository with water is not modelled in 
GGM, diffusion of dissolved gas is taken into account by TOUGH2.  This affects gas 
pressures in the geosphere which ultimately feeds back to the GGM and alters the 
fluxes of water and bulk gas between the repository and the geosphere. 

 

6. Salinity and microbial activity: The water entering the repository is expected to be 
highly saline, which will affect the types of bacteria which operate.  With the current 
model this can be taken into consideration by selecting appropriate microbial reactions 
rates.  These need to be reviewed to ensure that they are compatible with highly saline 
conditions.  The high salinity environment has the potential to affect methane generation 
to some extent, and there may be potential for improving the underlying gas generation 
model to more accurately represent microbial behaviour in highly saline environments.  
This is an area that may need some experimental support.  Under highly saline 
environments there may be other competing microbial processes which operate rather 
than gas generation, and so this is expected to be conservative with respect to gas 
generation. There is some uncertainty over the microbial hydrogen consumption rates 
used and much of the data in the literature are expressed in units that are incompatible 
with the first order rate constants required by the GGM (Walke et al. 2009b).  Some 
studies suggest rates as high as 1/hour. However, investigations have shown that gas 
evolution is not highly sensitive to this parameter provided it is sufficiently fast to cause 
periods of time where the system is hydrogen limited.  A rate of 1/year has been 
assumed in this study, which meets this criterion.  The slower rate chosen is deemed 
conservative, since it allows less hydrogen and carbon dioxide to be converted to 
methane, and this in turn acts to increase total gas pressures.   

 

7. Surface areas: Currently, at a given moment in time, the surface areas of the metallic 
waste streams within the saturated phase of the repository are calculated as the initial 
surface areas of the wastes multiplied by the water saturation.  In terms of gas 
generation, this is likely to be a conservative assumption at large times where the 
amount of metallic waste remaining is small and the saturation may be large. There may 
be some scope for improving the model for surface areas based on data from long term 
corrosion studies. 
 
In addition to the way the surface areas will evolve as the metals are corroded, there is 
inherent uncertainty in the initial surface areas of the wastes.  This can be mitigated to a 
certain extent by allowing for variability in surface areas as discussed in point 1.  

 
There are three additional issues for potential consideration in further work that do not impact 
directly on the results presented here. 
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1. Run times: Currently the GGM and TOUGH2 take the same time steps.  The GGM 
currently limits the time steps taken by TOUGH2 to ensure that detailed gas generation 
processes are resolved accurately.  However, since TOUGH2 and the GGM are coupled 
by variables such as the total gas pressure and saturation, which are relatively smooth 
and are not strongly affected by the details of the gas generation processes, it should be 
possible to decouple them.  This would allow TOUGH2 to take fewer and longer time 
steps, improving run times, and would allow the GGM to continue to take the time steps 
it required to accurately resolve the gas generation processes. 
 

2. Carbonation of concrete: A potential sink for CO2 in the repository is the carbonation 
of the cementitious material.  This process could consume significant quantities of CO2, 
especially if the repository is grouted.  The evolution of the concrete pore-water 
chemistry is a complex process which is not currently included in the GGM, but this is 
considered conservative with respect to gas generation.  
 

3. Magnesium oxide: The GGM is able to model the consumption of CO2 via the 
precipitation of magnesium carbonate that could occur if magnesium oxide was added 
to the repository as a “gas scavenger”.  This could be considered as an alternative 
normal evolution scenario. 

 

8.2 GAS TRANSPORT MODEL 

8.2.1 MODELLING APPROACH 

Analysis of the modelling results raised several issues related to the modelling approach, which 
can be addressed by further developing the T2GGM model and/or increasing the level of detail 
currently considered in the modelling approach.   
 
Issues which may have an impact on simulation results are as follows.     
 

1. Air as the bulk gas.  The current modelling assumes air as the bulk gas transported 
through the geosphere.  Gas generation results show the composition of the bulk gas to 
be very different from that of air, comprised mainly of CH4 and, at early times, H2.  As 
well, current site characterization data suggests initial gases in the geosphere are 
primarily CH4, with some CO2, which is relevant for cases such as the NE-UG-GT.  The 
consequences of the differences between air and the actual composition of gases are 
not straightforward, due to the combination and different properties of these gases.  
Comparing air to methane, the primary gas generated and existing in the geosphere, air 
is expected to provide a reasonable approximation as methane has a solubility half that 
of air (other properties between air and methane are similar).  The use of air as the bulk 
gas is currently hard-coded into the T2GGM model, as a result of air being hard-coded 
in the selected TOUGH2 EOS3 model.  Modification of the bulk gas in the T2GGM to 
another gas, such as CH4, requires modification of the molar mass, Henry‟s solubility 
coefficient and viscosity calculation.  TMVOC, another TOUGH2 family model using 
multiple gases could be used; however, it would require some effort to integrate this 
model with GGM and modify it to include appropriate gases (e.g., H2 currently not 
included in available TMVOC gases).  Modelling multiple gas species with TMVOC is 
considerably more complex and consequently will significantly increase model run times.  
TMVOC is therefore not likely to be practical for running multiple simulations; however a 
modified TMVOC would serve as a useful tool for verifying T2GGM NE-BC 
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performance.  Modification of T2GGM to allow for user selection of a single gas and 
user input of gas properties would allow for relative effects of different single gases 
(CH4, CO2, and H2) to be evaluated and is recommended.    

 

2. 2D spatial representation.  A further cause of uncertainty relates to simplifications in 
spatial representation of the repository system and the geosphere.  The 2D radial model 
is a simplified representation of the actual Hatch (2008) design, and does not allow for 
inclusion of horizontal gradients or open borehole or fracture features required to 
consider disruptive scenarios.  A 3D model, similar to that described in Avis et al. (2009) 
for groundwater modelling, could improve repository system representation and 
incorporate these features; however, simplifications will still be required in order to keep 
this model tractable.  The increased mesh size of a 3D model will ensure long run times, 
and as a consequence, a 3D model is only recommended as a sensitivity case to 
increase confidence in the 2D model. 
 

3. Constant density fluid.  Although some effects of variable-density flow are 
incorporated by using environmental head to calculate the Cambrian overpressure, 
other possible impacts are ignored by selection of the TOUGH2/EOS3 code to model 
groundwater and gas flow.  However, from the perspective of gas transport, effects of 
variable density will have minimal impact on results.  

 
Issues which impact model tractability and result interpretation are as follows. 
 

4. Uncontaminated gases.  The repository and shaft system contain initial 
uncontaminated gases, and in the NE-UG-GT case, the rock mass also contains initial 
uncontaminated gases.  However, the current modelling approach is unable to 
differentiate between initial uncontaminated gases and gases potentially contaminated 
by waste degradation.  Initial gas represents a small portion of the gases in the system; 
3.94 x 10

5
 kg of gas is initially present in the shaft and geosphere, whereas 

3.14 x 10
7
 kg of gas is generated in the NE-BC.  In the cases where gas reaches the 

surface of the model, while most of the initial gas in the shafts dissolves, it is impossible 
to tell whether the gas reaching the surface is contaminated, uncontaminated or a 
mixture of the two.  Several approaches are possible to resolve this issue:  use of a 
multi-gas model such as TMVOC, and assume all initial gases are another gas different 
from those generated in the repository; use an alternate TOUGH2 module such as 
EOS7R to include radionuclides, modification would be required for GGM integration 
and use of appropriate bulk gas (currently uses air). 

 

5. Long model run times.  Long run times in the T2GGM model are partly related to the 
coupling of the GGM and TOUGH2 model, as described in Section 8.1.  Long times are 
also seen as a result of TOUGH2 instabilities of rapidly evolving and disappearing gas 
phase within elements, particularly as the repository saturates with water for the second 
time (and gas is disappearing from below the repository).  Efforts to minimize these 
instabilities, for example by smoothing out gridding to minimized large differences in 
element size, might significantly improve run times and allow simulations that stalled to 
complete (e.g., NE-BC).  TOUGH2-MP, a multi-processor version of TOUGH2, may also 
be investigated to reduce run times by increasing the number of processors used by 
TOUGH2. 
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8.2.2 PARAMETER UNCERTAINTY 

The base case and sensitivity cases for the Normal Evolution Scenario considered in this report 
were intended to illustrate possible or feasible conceptual models.  Cases showing very 
different responses, such as the NE-UG-GT case, help define parameters requiring increased 
certainty.   
 
The following list enumerates the major sources of parameter uncertainty. 
 

1. Geosphere permeabilities:  The UG cases resulted in the lowest repository gas 
pressures, due to limited water saturation of the repository as a result of the low 
permeabilities.  Additional site characterization data and analyses to confirm 
permeabilities should be forthcoming in 2009.  

 

2. Sensitivity of the model to capillary pressure and relative permeability parameters 
in rock mass, EDZ, and in engineered barriers was not examined in these cases.  The 
capillary pressure curves are particularly important in defining conditions for cases with 
initial gas saturation, such as the NE-UG-GT case, as initial gas pressures in the rock 
cannot be measured directly, only inferred from liquid pressures and capillary pressures.   
For units above the Queenston, data to support the values for these parameters did not 
exist, and values were assumed or calculated based on the Davies relationship.  
Additional site characterization data and analyses should provide this data.   

 
The sensitivity of the model to these two-phase flow parameters should be examined in 
future studies.  Due to the number of parameters, ideally probabilistic modelling would 
be conducted to determine the sensitivity of the model to the Van Genuchten model; 
however, as previously noted, probabilistic modelling is currently not tractable due to the 
long run times of the T2GGM model. 

 

3. Shaft EDZ characterization and shaft seal effectiveness:  Effectiveness of the shaft 
seals and permeability of the shaft EDZ is clearly important, particularly with the 
assumed steady Cambrian overpressure and the base case geosphere.  The shaft seal 
and EDZ uncertainties are less important in the updated geosphere; also shaft 
properties above the Ordovician have limited impact on performance.  As described in 
Walke et al. (2009b), the EDZ characterization is largely based on international 
experience and expert opinion.  The sensitivity cases provided in this report are 
conservative, and consequently provide bounding cases.  The rationale for selection and 
justification of capillary pressure and relative permeability curves to represent EDZ 
properties requires further investigation.  

 

8.3 GEOSPHERE CONCEPTUAL MODEL UNCERTAINTY 

Our understanding of the geosphere history and future evolution is described in the 
Geosynthesis report (Gartner Lee 2008a), and the repository system evolution is summarized in 
the System and its Evolution report (Little et al. 2009).  Specific areas of uncertainty that have 
significant impact on gas transport results are listed below, along with how they are current 
addressed in this study. 
 

1. Mechanism of Ordovician underpressures: Transport of dissolved gas from the 
repository will be significantly reduced for as long as underpressures persist in the 
Ordovician units.  During this period prevailing liquid gradients will be downward at all 
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points above the repository horizon, including the shaft and EDZ system.  As the causal 
mechanism for underpressures measured at the Bruce site is not known with certainty, 
the long-term behaviour cannot be predicted.  Therefore the current study makes the 
conservative assumption that the underpressures have been dissipated to steady state. 

 

2. Time dependence of Cambrian overpressure:  In the steady-state flow analyses 
presented in this report, the transport of dissolved gas through the shaft EDZ and rock 
mass is driven by high pressure in the Cambrian unit forming the lower boundary of the 
modelled system.  The Cambrian lower boundary condition is also a sink for gas 
transported downwards from the repository.  If steady-state flow is assumed, this 
gradient determines flow of water from the surrounding rocks into the repository and 
subsequently through the shaft/EDZ system.  The impact of the gradient is mitigated 
substantially by reduced permeability in the UG geosphere cases.  Although this 
pressure is proven present from site characterization results, its origin and therefore 
evolution is currently unknown.  In the current study, the Cambrian pressure has been 
assumed constant.  

 

3. Initial gas saturations in the Ordovician:  The NE-UG-GT case demonstrates the 
importance of initial gas saturations and pressures on repository performance.  
Preliminary site characterization data suggest that gas saturations exist in the rock mass 
at the repository horizon.  The existence of gas at these horizons is one possible 
explanation for the observed underpressures.  Quantification of gas saturations is 
uncertain, as the permeability and porosity of the rock mass are at the threshold at 
which existing measurement techniques can be applied.  Additionally, the source of the 
initial gas saturations has not been determined.  Consequently, the long term behaviour 
cannot be predicted and the conservative assumption is used that gas will slowly be 
transported and dissolved into solution and water pressures will dissipate to a steady-
state flow condition.   
 

4. Silurian flow system - The conceptual model for groundwater flow in the Silurian 
formations at the Bruce site is currently under development.  Measured vertical 
pressures at the DGR-1 borehole indicate that overpressures exist in the lower Silurian 
(below the Guelph Formation) with limited or nonexistent vertical gradients above the 
Guelph. Horizontal gradients are assumed to exist in the more permeable formations 
(Guelph and Salina A2 evaporite) and horizontal groundwater flow through these units 
will occur. These processes are not represented in the gas model, but may be expected 
to substantially reduce, if not eliminate, vertical transport of gas and dissolved gases 
above the permeable horizons.  Site data describing gradient magnitudes and directions 
will be available from the Phase 2 site characterization activities.  Incorporation of 
horizontal flow will require use of a 3D model as described in Section 8.2.1 above. 

 

5. Future glaciation events:  The impact of sequential future glaciation events on the 
repository system has not been evaluated in detail.  The primary effects are expected to 
be transient overpressurization during glacial advances followed by dissipation during 
glacial retreats.  The effects of overpressures on repository saturation are unclear, as it 
will depend on the corresponding increase in repository pressure caused by the 
overpressures.  Glaciation may have mechanical impacts such as causing roof failure 
within the repository.  However, calculations presented here all assumed complete roof 
failure from an early period.   
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6. Porewater and rock mass interactions with gases.  There may be interactions of 
dissolved and free phase CO2 with the carbonate rocks and porewaters that may impact 
CO2 transport.  The collection of porewater and rock geochemical data will assist in 
determining if these reactions are important.  

 
Ideally, the sensitivity of the system to Cambrian overpressure evolution and the 
parameterization of Ordovician underpressures and initial gas saturations would be assessed 
using probabilistic analyses.  However, due to the long run times of the T2GGM model, 
probabilistic analyses are currently intractable.  Sensitivity cases examining Cambrian 
overpressure and Ordovician underpressures could be guided by probabilistic analyses 
conducted for the groundwater modelling.  Further examination and sensitivity analysis of the 
capillary pressure curves will improve certainty in the initial gas saturations and gas and water 
pressures. 
 
The inclusion of glaciation effects will require the development of more complex modelling 
approaches where transient boundary conditions representative of glacial loading are applied to 
the surface of the model.  The current gas transport model cannot consider hydro-mechanical 
effects, and alternate modelling approaches would be required.  Effects of overpressures from 
glaciation on repository saturation may be examined by applying a constant glacial loading at 
an appropriate time during the simulation (e.g., start glacial loading at 10 000 years).   
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9 SUMMARY AND CONCLUSIONS 

 
The long-term performance of the proposed L&ILW repository at the Bruce site has been 
assessed with the use of numeric models of two-phase gas and groundwater flow.  Base case 
and sensitivity analyses have been performed for the Normal Evolution Scenario and for a 'what 
if' disruptive scenario (Severe Shaft Seal Failure). 
 
The modelling considered two primary conceptual models for the geosphere – a base case 
(BC) with low permeability rock, consistent with the Phase I Geosynthesis results, and an 
"updated geosphere' (UG) exploring a possible lower permeability rock as suggested by more 
recent site characterization results. 
 
The modelling approach used is a dimensionally simplified two-dimensional radial model which 
incorporates aggregate properties of the repository and shaft in a computationally efficient 
model.  The T2GGM model was employed, which couples the GGM gas generation model with 
the TOUGH2/EOS3 two-phase flow model.  The GGM model component generates several 
different gas species, while the TOUGH2 model component approximates the total of these 
species as a single bulk gas of air. 
 
The following general gas and water processes describe the main results for the Normal 
Evolution Scenario after closure and sealing of the shafts. 
 

1. Oxygen within the repository is consumed and conditions become anaerobic. 
 

2. Shaft becomes fully saturated with water, and initial gas in the shaft dissolves into the 
surrounding water.   

 
3. Moisture initially present in the wastes, plus water that seeps into the repository from the 

surrounding rock and the shaft, support the anaerobic corrosion of metals and the 
degradation of organic wastes, resulting in generation of hydrogen, CO2 and CH4 gases.  
The gas pressure in the repository rises. 

 
4. There is a pressure balance between the water seepage into the repository and the gas 

generation within the repository.  For the base-case geosphere, the water inflow rate is 
enough to cause partial repository resaturation on a time scale of 1000 years.  As gas 
generation continues and increases the repository pressures, water is pushed out of the 
repository, primarily into the rock mass below the repository.  The repository becomes 
mostly unsaturated.  Once repository gas pressures decrease such that they are less 
than the pressure in the geosphere, water begins to slowly saturate the repository once 
again.  For the updated geosphere (UG), the very low permeability of the rock delays 
significant water saturation of the repository until after 200 000 years.  

 
5. For most cases considered, with either base-case or updated-geosphere, the peak 

repository gas pressure is in the range 7 to 10 MPa, which is comparable to the 
environmental head at the repository horizon of around 7.5 MPa, and much less than 
the lithostatic pressure of 17 MPa.  For the updated-geosphere, the gas pressures 
increase much more slowly than for the base-case geosphere.   
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6. As pressures in the repository develop, small amounts of gas are pushed out into the 
shaft and the rock mass.  The high capillary pressures in the rock mass and bentonite 
seals ensure leakage of gas out of the repository is slow.  Gas saturations in the rock 
remain very small within a few meters from the repository.  In the NE-EDZ case, which 
has a permeable pathway through the shaft EDZ, some gas permeates up through the 
EDZ.  Some dissolved gas also reaches the top of the Intermediate Groundwater Zone, 
in small amounts and at long times.  

 
7. Methane is generally the dominant gas throughout the evolution of the repository, due to 

degradation of organic wastes and the consumption of hydrogen and carbon dioxide via 
the microbial methanogenic reaction.  The balance of the initial inventories of metallic 
and organic wastes results in the repository atmosphere containing small levels of either 
hydrogen or carbon dioxide. 

 
8. The repository remains largely unsaturated over the 1 million years evaluated in the 

normal evolution scenario.  Slow gas dissolution and permeation allow eventual 
resaturation on very long time scales.   

 
While all the cases for the Normal Evolution Scenario exhibit the same series of gas and water 
flow processes, they differ in the timing of these processes, as well as the magnitude of the 
repository response (both water saturation and pressure).  Only the enhanced EDZ permeability 
case based on the DGR-1 and DGR-2 permeabilities (NE-EDZ) has bulk gas reaching the top 
of the Intermediate Groundwater Zone.  As noted in Section 8.3, the simplified geometry of the 
gas model does not incorporate horizontal flow processes in the Silurian formations that would 
likely significantly reduce vertical flow through the Intermediate Bedrock Groundwater Zone. 
 
Similar processes occur in the Severe Shaft Seal Failure Scenario.  The main difference is that 
(as with the NE-EDZ case), gas reaches the top of the Intermediate Groundwater Zone.  The 
SF-US case, with shaft failure only in the upper 400-m of Devonian and Silurian rocks, 
illustrates the effectiveness of the Ordovician sequence at limiting the transport of gas.  
 
The results of the detailed gas modelling presented here are used in the assessment-level 
modelling to inform: 

 the water level in the repository with time; 

 the relative proportions of CO2 and CH4 and hence partitioning of gaseous C-14 
between CO2 and CH4;  

 the partitioning of radioactive gases between gas and groundwater in the repository; 

 the release rates of radioactive gas entrained in bulk gas to the shaft and geosphere; 
and 

 the bulk gas travel time from the repository to the ground surface via the shafts and 
geosphere.  

 
Uncertainties have been minimized through use of sensitivity cases, conservative 
representation and a detailed gas generation model that incorporates the key processes for 
each waste stream.   Sensitivity results highlight the following primary uncertainties and issues 
with a potential large impact on results. 

 Variability in the gas generation repository system and gas generation behaviour at the 
limits of zero and complete water saturation. The introduction of variability in reaction 
rates is likely to smooth transitions and mitigate extremes of flux and pressure, while 
introducing more realism into the behaviour of the model in the limit of zero saturation is 
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likely to limit gas generation. The current model and results are expected to be 
conservative in both these respects; however, future studies should consider gas 
generation model refinements to further explore these uncertainties. 

 Dimensional simplification of the actual three-dimensional repository to an equivalent 
two-dimensional radial axisymmetric system, primarily for model tractability.  Future 
implementation of a fully 3D model as a sensitivity case could address any uncertainties 
related to this simplification. 

 Geosphere permeabilities, initial gas pressures and initial gas saturations.  Additional 
site characterization data will reduce the uncertainty of these parameters.   

 Two-phase flow parameters (capillary pressure and relative permeability).   
 Shaft and EDZ parameterization.  The primary uncertainty is the characterization of the 

shaft EDZ hydraulic conductivities.  The sensitivity cases provided in this report are 
conservative, and consequently provide bounding cases.  Selection of appropriate 
capillary pressure and relative permeability functions for EDZ is another source of 
uncertainty. 

 Additional significant geosphere uncertainties relate to gradients in the Silurian, the time 
dependence of the Cambrian overpressure, and the causal mechanism and 
characterization of the measured Ordovician underpressures.  Further geosphere 
uncertainties relate to the hydromechanical response of the repository and geosphere 
system to glaciation events.  These uncertainties are addressed with conservative 
conceptualization. 
 

Other issues identified, which are not expected to have a large impact on results, but will 
improve the transparency of model results if considered in future work, include the use of 
methane or a combination of gases as the bulk gas, instead of air; and differentiating between 
uncontaminated and contaminated gases. 
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APPENDIX A:  T2GGM V1.3 COMPUTER PROGRAM ABSTRACT 
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A.1 INTRODUCTION 
 
T2GGM Version 1.3 is a software package intended for use in modelling gas generation and 
transport for a deep geologic repository. 
 
It is comprised of two coupled models: a Gas Generation Model (GGM) used to model the 
detailed generation of gas within a repository due to corrosion and microbial degradation of the 
various wastes present, and a TOUGH2 model for two-phase gas and water transport in the 
repository and the geosphere.   
 
Specific measures that the code is required to predict are: 

 the magnitude and timing of the peak gas pressure within the repository; 

 the evolution of the repository saturation; 

 the rates of gas and liquid generation within the repository; and 

 the flux of gas through the geosphere. 
 

A.2 OPERATING REQUIREMENTS 
 
T2GGM is intended for operation on a computer running current versions of Windows, such as 
Windows Vista.  The required computer capabilities depend on the size of the model. 
 
The user is referred to TOUGH2 documentation (Pruess et al. 1999) for compiling 
requirements.  GGM and its include files simply need to be included during the compilation 
process. 
 

A.3 COMPONENTS 
 
T2GGM v1.3 requires the following modules 

 GGM version 1.3 

 TOUGH2 v 2.0 including EOS3 module. 
 

A.4 CAPABILITIES 
 
This primary capabilities are: 

 hydrogen gas generation from corrosion of steels and zirconium alloys under aerobic 
and anaerobic conditions; 

 CO2 and CH4 gas generation from degradation of organic materials under aerobic and 
anaerobic conditions; 

 methanogenesis from CO2 and H2 

 biomass generation, decay and recycling; 

 exchange of gas and water between the repository and the surrounding geosphere; and 

 two-phase flow of water and gas in the geosphere. 
 
Full details can be found in the theory section of the software documentation (Suckling et al. 
2009). 
 

A.5 LIMITATIONS 
 
T2GGM is a complex code, modelling a range of coupled processes, from gas and liquid 
transport to microbial degradation and corrosion, over disparate length and time scales.  This 
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makes running the code technically very difficult.  The code has been designed and tested for 
the geometry and parameters relevant to the OPG DGR Version 1 Postclosure Safety 
Assessment.   
 
Run times for the code can be anything from several days to a week depending on the 
parameters used.  As a result, it may not be practical to use T2GGM to perform sensitivity 
studies with T2GGM without further simplifying assumptions and code development. 
 
Significant limitations in T2GGM v1.3 include the following: 

 water consuming reactions within the repository are not limited at low water levels; 

 repository corrosion and gas reaction rates are first order in a primary reactant, and in 
particular are not dependent on the amount of microbial biomass; 

 metal corrosion and organic decomposition is described by a constant corrosion rate for 
the relevant conditions (aerobic/anaerobic, saturated/unsaturated); 

 organics are modelled as either cellulose or styrene; 

 all gas in the geosphere is modelled as air; all gases released from the repository model 
are converted into air on an equivalent molar basis; and 

 groundwater in the geosphere is modelled as freshwater. 
 
 

A.6 DOCUMENTATION 
 
Detailed documentation for T2GGM version 1.3, including a Theory Manual with supporting 
references, is contained in the Software Documentation (Suckling et al. 2009).  
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APPENDIX B:  SIMPLE GAS PRESSURE CALCULATION 
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B.1 SUMMARY 

This appendix documents a simple „back of the envelope‟ calculation, designed to estimate the 
maximum gas pressures that could be observed within the repository, as waste is converted to 
gaseous forms during its evolution. 
 
Based on the initial waste inventories (about 5.8 x 10

7
 kg of metals and 2.2 x 10

7
 kg of 

organics), this calculation estimates the total number of moles of iron (Fe), zirconium (Zr), and 
carbon (C) in the repository. These materials were assumed to degrade completely to generate 
mostly hydrogen (H2), carbon dioxide (CO2), and methane (CH4) gases within the void volume 
of the repository.  The following assumptions were made: 

 no leakage of these gases; 

 no oxygen, no nitrate, no sulphate; 

 no biomass; 

 unlimited supply of water; 

 void space of 3.35 x 10
5
 m

3 
in the repository, taken from Table 4-5 of the data report 

(Walke et al. 2009); and 

 repository temperature of 20ºC. 
 

This simple calculation indicates maximum gas pressures of about 19 MPa under the above 
assumptions. See Section B.2. This estimate does not take into account the following. 
 

 FeCO3 (siderite) formation from iron and H2CO3 (carbonic acid). This reaction could 
reduce gas pressure making less Fe available for the  H2-producing Fe3O4 corrosion 
reaction.  

 The methanogenic reaction, which converts 4 moles of H2 with 1 mole of CO2 to 1 mole 
of CH4.  

 
These two reactions could reduce the gas pressure.  The relative importance of these reactions 
was explored and the results are given in Section B.3-B.5.  A summary of maximum gas 
pressures is given in Table B-1. Table B-1 shows that methanogenic reaction is the most 
important process for reducing gas pressure, followed by siderite formation. Case 4, which 

corresponds to the T2GGM base case (NE-BC), shows a maximum gas pressure of about 8 
MPa, consistent with T2GGM results. This pressure is slightly above the initial steady state 
pressure of about 7.6 MPa at the repository level, and significantly below the lithostatic 
pressure of about 17 MPa at the repository level. 
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 Table B-1: Estimated Maximum Repository Gas Pressures 
Gas Generation Initial 

Mass  of 

Metals or 

Organics 

(kg) 

Maximum Gas Pressure (MPa) 

Case 1 Case 2 Case 3 Case 4 

Anaerobic 

Corrosion & 

Degradation 

Case 1  

with FeCO3 

Formation 

Case 1  with 

Methano-

genic 

Reaction 

Case 1 with  

FeCO3 and 

Methano-

genic 

Reactions 

H2 from metal corrosion 5.8E+07 10.0 8.8 0.0 0.2 

CO2 from organic 
degradation 

2.2E+07 
3.6 0.0 1.2 0.0 

CH4 from organic 
degradation 

5.3 5.3 7.8 7.6 

N2 from initial air - 0.1 0.1 0.1 0.1 

Total 8.0E7 19.0 14.2 9.0 7.9 

 

B.2 GAS GENERATON UNDER ANAEROBIC CORROSION & DEGRADATION WITH NO 

SIDERITE FORMATION AND NO METHANOGENIC REACTION (CASE1) 

B.2.1 METAL CORROSION 

The metals within the repository are categorised into unpassivated and passivated C-steels, 
passive alloys, and zircaloy. The first three are assumed to be composed of Fe. The zircaloys 
are assumed to be composed of Zr.  See Table B-2 for their inventory. These metals are 
corroded under anaerobic condition according to the following equations: 
 

3Fe + 4H2O  F3O4 + 4H2  (B-1) 
 

Zr + 2H2O  ZrO2 + 2H2 (B-2) 
 
Therefore, 1 mole of Fe generates 4/3 mole of H2; 1 mole of Zr generates 2 moles of H2. Based 
on the Fe and Zr total moles, the amount of H2 generated from metal corrosion was calculated 
to be 1.4 x 10

9
 moles (Table B-2).   

 
 
 

Table B-2: Iron and Zirconium Initial Inventory and Theoretical Amount of H2 (Case 1) 
Waste source Initial Metal 

Mass*  

(kg) 

Initial Fe 

Amount 

(mol) 

Initial Zr 

Amount  

(mol) 

Theoretical 

H2 Amount 

(mol) 

Theoretical 

Fe3O4 

Amount 

(mol) 

Unpassivated C-steel 2.3E+07 4.1E+08 - 5.5E+08 1.4E+08 

Passivated C-steel 1.7E+07 3.0E+08 - 4.0E+08 
1.0E+08 

 

Passive alloys 1.7E+07 3.0E+08 - 4.0E+08 1.0E+08 

Zircaloy 6.1E+05 - 6.7E+06 1.3E+07 - 

Total 5.8E+07 1.02E+09 6.7E+06 1.4E+09 3.4E+08 

*Table 4-12 from the data report (Walke et al. 2009). 
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B.2.2 DEGRADATION OF ORGANICS 

The organic materials are categorised into cellulosic, plastics and rubbers, and ion-exchange 
resins. Cellulosic materials are modelled by C6H10O5, and plastics and rubbers are modelled by 
C8H8 (styrene). The dry ion-exchange resins consist of cation and anion resins (assumed 50 
mol% each).  See Figure B-1 for cation resin structure. The molecular mass for dry cation and 
anion resin is 0.184 and 0.193 kg/mol respectively, averaged 0.1885 kg/mol.  The resins have 
an average of 10 carbon (C) atoms per mole of resins. 
 
Table B-3 shows the initial C amount (1.2 x 10

9
 moles).  Since 1 mole of C generates 1 mole of 

CO2 or 1 mole of CH4, the theoretical total amount of CO2/CH4 from organic materials is 
1.2 x 10

9
 moles.  

 

 
 

 Figure B-1: Molecular Structure of Cation Resins (XL: cross link; PC, polymer chain; 

ES, exchange site; EI, exchangeable ion) 
 
 

Table B-3: Carbon, Hydrogen and Oxygen Contributions from Organic Waste Sources 

(Case 1) 
Waste source Molecular 

Mass (kg/mol) 

Initial Organic  

Mass (kg)* 

Initial Carbon 

Amount (mol) 

Theoretical CO2+CH4 

Amount (mol) 

Cellulosic materials 0.162 8.5E+06 3.1E+08 3.1E+08 

Plastics and rubbers 0.104 7.9E+06 6.1E+08 6.1E+08 

Ion-exchange resins (dry) 0.1885 5.8E+06 3.1E+08 3.1E+08 

Total  2.2E+07 1.2E+09 1.2E+09 

  *Table 4-10 from the data report (Walke et al. 2009). 
 
 
CO2 and CH4 can also be estimated from the following anaerobic degradation reactions. The 
results are shown in Table B-4.  Rubber, plastics, and resins are treated as styrene (C8H8).   
 

C6H10O5 + H2O  3CO2 + 3CH4 methane generation from cellulose  (B-3) 

C8H8 + 6H2O  3CO2 +5CH4 methane generation from styrene  (B-4) 
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Table B-4: CO2 and CH4 Generation from Organic Waste Sources (Case 1) 
Waste source Theoretical CO2 

Amount (mol) 

Theoretical CH4 
Amount (mol) 

Theoretical CO2+CH4 

Amount (mol) 

Cellulosic materials 1.6E+08 1.6E+08 3.1E+08 

Plastics and rubbers 2.3E+08 3.8E+08 6.1E+08 

Ion-exchange resins 1.2E+08 1.9E+08 3.1E+08 

Total 5.0E+08 7.3E+08 1.2E+09 

 

B.2.3 GAS PRESSURES 

Metal corrosion and organic degradation mostly generate H2, CO2  and CH4. In addition, initial 
air in the repository contains about 1.1 x 10

7
 mole of N2.  All O2 in the initial air is quickly 

consumed by material degradation and is not considered in the scoping calculation.  Based on 
the initial void space in the repository and repository temperature, the maximum gas pressure in 
the repository was calculated to be about 19 MPa using ideal gas law (Table B-5).  
 

Table B-5: Maximum Repository Gas Pressure with No Siderite and No Methanogenic 

Reactions (Case 1) 

 

Theoretical Amount  

(mol) 

Partial Pressure  

(MPa) 

H2 from metal corrosion 1.4E+09 10.0 

CO2 from organic degradation 5.0E+08 3.6 

CH4 from organic degradation 7.3E+08 5.3 

N2 from initial air 1.1E+07 0.1 

Total 2.6E+09 19.0 

 

B.3 GAS GENERATON UNDER ANAEROBIC CORROSION & DEGRADATION WITH 

SIDERITE FORMATION AND NO METHANOGENIC REACTION (CASE 2) 

 
Because of the high HCO3

-
 concentration, the stable corrosion product is FeCO3 (siderite) 

rather than Fe3O4.  The corrosion of carbon steel in CO2-containing environments is given by 
 

Fe + H2CO3  FeCO3 + H2  (B-5) 
 
Therefore, 1 mole each of Fe and CO2 will be converted to 1 mole each of FeCO3 and H2.  
Since there are 5.0 x 10

8
 moles of CO2 (Table B-4), 5.0 x 10

8
 moles each of FeCO3 and H2 will 

be formed, and 5.0 x 10
8
 moles of Fe will be consumed. The remaining Fe (5.2 x 10

8
 moles) will 

be converted to Fe3O4 according to Equation (B-1). The theoretical amounts of iron corrosion 
products and H2 are given in Table B-6. 
 

 Table B-6: Theoretical Amount of H2 and Iron Corrosion Products (Case 2) 
Waste source Theoretical FeCO3 

Amount (mol) 

Theoretical Fe3O4 Amount 

(mol) 

Theoretical H2 Amount 

(mol) 

Fe 5.0E+08 1.7E+08 1.2E+09 

Zr -  1.3E+07 

Total 5.0E+08 1.7E+08 1.2E+09 
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Since 5.0 x 10
8
 mole of CO2 are converted to FeCO3, there will be no CO2. Therefore, Table B-

4 can be simplified to Table B-7. 
 

 Table B-7: CO2 and CH4 Generation from Organic Waste Sources (Case 2) 
Waste source Theoretical CO2 Amount  

(mol) 

Theoretical CH4 Amount  

(mol) 

Cellulosic materials 0 1.6E+08 

Plastics and rubbers 0 3.8E+08 

Ion-exchange resins 0 1.9E+08 

Total 0 7.3E+08 

 
The total amount of H2 and CH4 are given in Table B-6 and B-7 respectively. Based on the ideal 
gas law, they can be converted to partial pressures. The total gas pressure was estimated to be 
14 MPa (Table B-8). 
 

 Table B-8: Maximum Repository Gas Pressures under Anaerobic Corrosion & 

Degradation with Siderite and No Methanogenic Reaction (Case 2)  

 Theoretical Amount (mol) Partial Pressure (MPa) 

H2 from metal corrosion 1.2E+09 8.8 

CH4 from organic degradation 7.3E+08 5.3 

N2 from initial air 1.1E+07 0.1 

Total 1.9E+09 14.2 

 

B.4 GAS GENERATON UNDER ANAEROBIC CORROSION & DEGRADATION WITH 

METHANOGENIC REACTION AND NO SIDERITE FORMATION (CASE 3) 

 
H2 generated from anaerobic corrosion of metals can be combined with CO2 to form CH4 
(Equation B-6).  
 

4H2 + CO2  CH4 + 2H2O methane generation from hydrogen oxidation (B-6) 
 
There are a total of 1.4 x 10

9
 moles of H2 generated (Table B-2). It requires 3.4 x 10

8
 moles of 

CO2 to convert all H2 to form 3.4 x 10
8
 moles of CH4.  Therefore, 1.6 x 10

8
 moles of CO2 will 

remain. See Table B-4 for total moles of CO2 generated (5.0 x 10
8
 moles). The total amount of 

CH4 will be increased from 7.3 x 10
8
 moles (Table B-4) to 1.1 x 10

9
 moles.  The total gas 

pressure was estimated to be 9 MPa (Table B-9). 
 

 Table B-9: Maximum Repository Gas Pressures under Anaerobic Corrosion & 

Degradation with Methanogenic Reaction and No Siderite Formation (Case 3) 

 

Theoretical amount  

(mol) 

Partial Pressure (MPa) 

H2 from metal corrosion 0 0 

CO2 from organic degradation 1.6E+08 1.2 

CH4 from organic degradation 1.1E+09 7.8 

N2 from initial air 1.1E+07 0.1 

Total   1.2E+09 9.0 
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B.5 GAS GENERATON UNDER ANAEROBIC CORROSION & DEGRADATION WITH 

METHANOGENIC REACTION AND SIDERITE FORMATION (CASE 4) 

 
Case 4 considers both siderite formation and the methanogenic reaction. This case 
corresponds to the T2GGM base case (NE-BC). 
 
CO2 formed from the anaerobic degradation of organic materials can be consumed in the 
formation of FeCO3 (Equation B-5) and in the methanogenic reaction (Equation B-6). The 
relative proportion of CO2 consumption depends on the relative rate of these reactions. For the 
T2GGM base case, the amount of FeCO3 formed was found to be 1.8 x 10

8
 moles for time 

greater than about 10,000 years (Figure 5-9). Therefore, 1.8 x 10
8
 mole of CO2 (36% of total) 

was used in the siderite formation, leaving about 3.2 x 10
8
 mole of CO2 (from 5.0 x 10

8
 moles in 

Table B-4).  
 
H2 is generated from metal corrosion (Equation B-1 and B-2) and siderite formation (Equation 
B-5).  The total amount of H2 was calculated to be 1.3 x 10

9
 moles (1.1 x 10

9
 moles from iron 

corrosion, 1.3 x 10
7
 moles from Zr corrosion, and 1.8 x 10

8
 moles from siderite formation).  

Based on Equation B-6, 1.3 x 10
9
 moles of H2 are required to convert the remaining 

3.2 x 10
8
 moles of CO2 in the methanogenic reaction to form 3.2 x 10

8
 moles of CH4.  After 

siderite formation and methanogenic reactions, all CO2 are consumed and about 
2.8 x 10

7
 moles of H2 remain.  The total amount of CH4 will be increased from 7.8 x 10

8
 moles 

(Table B-4) to 1.1 x 10
9
 moles.  

 
The gas pressure was found to be about 8 MPa (Table B-10), consistent with the calculated gas 
pressure at long times (>10,000 years) for the NE-BC case (Figure 5-6). This pressure is 
slightly above the initial steady state pressure of about 7.6 MPa at the repository level, and 
significantly below the lithostatic pressure of about 17 MPa at the repository level. 
 
 

 Table B-10: Maximum Repository Gas Pressures under Anaerobic Corrosion & 

Degradation with Methanogenic and Siderite Reactions (Case 4) 

 
Theoretical Amount 

(mol) 
Partial Pressure (MPa) 

H2 from metal corrosion 2.8E+07 0.2 

CO2 from organic degradation 0 0.0 

CH4 from organic degradation 1.1E+09 7.6 

N2 from initial air 1.1E+07 0.1 

Total 1.1E+09 7.9 
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