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Summary

This document provides a guide to the capabilities, application and running of the code
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1 Introduction

Radionuclide migration from low level waste (LLW) disposal sites is of interest to all par-
ties involved in LLW management. The complexity of the relevant interactions, coupled
with timescales on the order of thousands of years, makes the prediction of radionuclide
behaviour difficult. Mathematical modelling provides a practical option for investigating
this behaviour and providing insight into radionuclide release.

GRM! is a computer code which can be used to model the long term evolution of near
surface, LLW disposal sites with significant groundwater flow. The GRM deals with the
interaction of a range of processes including: radioactive decay, precipitation/dissolution
reactions, sorption onto either the waste matrix or colloidal particles. Radionuclide spe-
ciation is determined by the prevailing geochemistry, with changes to ambient pH and pe
being determined through interactions between microbial activity and the site chemistry.

1.1 Background

The GRM code was originally developed as a generalization and expansion of the now
obsolete DRINK (Drigg Near-field Kinetic model) code. The name DRINK has been retained
to describe GRM when configured to simulate the Drigg site. GRM version 4.1 can model
many different physical processes, which can be switched on or off according to flags in
the input deck. Justifications of the settings used for these flags in modelling a particular
site often raise important issues for the GRM user. By using different flag settings, the user
is able to examine the impact of modelling assumptions through sensitivity runs.

The processes included in the code are those considered, at the present time, to be
likely to have a significant impact on the chemical evolution of a LLW site and therefore
on the source term. Consequently, GRM has been designed to be highly adaptive, initially
making use of standard process descriptions which can then be replaced as better quality
data becomes available and the fundamental understanding of the underlying phenomena
improves. The code development has attempted to marry the complexity and detail to
which processes are modelled with the level of information that is likely to be available
to the user.

The purpose of this document, the Program User’s Guide (PUG), is to provide a
comprehensive description of the capabilities, application and running of the code GRM
version 4.1. It discusses the various processes which can be modelled using the code and

! Generalised Repository Model
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includes a detailed specification of the input files required. The document forms one of a
set of three reports which are produced to meet the software QA requirements. The other
two are the Program Programmer’s Guide (PPG) [1] which gives details of the actual
coding of the model, and the Program Verification Report (PVR) [2], which describes a
programme of code testing.

A brief outline of the components and capabilities of the code can be found in this
introduction, with a more indepth discussion available in the following sections. This
PUG has been compiled using various supporting documents and relevant reference will
be made where appropriate.

1.2 Applications to Disposal Sites

The GRM is a biogeochemical transport code, which can be used to model radionuclide,
liquid and gaseous arisings from the near field, and as such may be useful in LLW disposal
site performance assessments. The lack of codes to provide such performance assessment
data has been highlighted previously [3, 4]. More generally, the flexibility of the GRM
code makes it a useful tool with which to develop an understanding of the processes that
may be important in LLW sites. The code could also be used to model the long—term
development of domestic waste disposal sites such as landfills. Although most applicable
to near surface sites, cementitious monoliths can be considered from the point at which
all barriers have degraded.

1.3 Introduction to Processes Modelled

The transport aspects within GRM are handled with a finite difference solver, which is
interfaced with the PHREEQE [5] or PHREEQC [6] ? geochemical speciation codes. The
resulting geochemical transport is further interfaced with various functional groups. These
groups describe:

e sorption;
® COrrosion;

e microbiology;

2GRM v4.1 is the first version to include the PHREEQC speciation code. PHREEQC provides a method to investigate surface
complexation and ion exchange sorption processes. Currently there are limitations to the interfaces with other functional
modules, most notably radioactive decay, corrosion, and microbiology (See Appendix. O)

2
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¢ radionuclide decay;

e colloidal migration;

e mineral precipitation/dissolution; and,
e gaseous release.

Regions within GRM are represented as homogeneous, finite-difference cells. Each cell
is subdivided vertically into a saturated and an unsaturated zone. The horizontal 2D
transport of dissolved species and colloidal particulates in the saturated zone is modelled
using standard advection and dispersion equations. Material in the unsaturated zone is
assumed not to be transported horizontally. Vertical transport in the model is represented
by means of the transfer of material from the unsaturated to the saturated zone. The
unsaturated zone of each cell is assigned a value of porosity and therefore the cell is
provided with a head space.

Geochemical calculations including pH determinations are carried out by a modified
version of the PHREEQE/C speciation code. Mineral precipitation and dissolution is de-
termined by a fully automated reaction path model. Mineral equilibration can either be
instantaneous and mediated by PHREEQE/C, or kinetically controlled. Redox reactions in-
volving oxygen, nitrate, ferric iron, sulphate and organic molecules are not mediated by
PHREEQE/C and are predominantly controlled by microbial reactions. The redox status of
these species is taken out of the control of PHREEQE/C by separating the relevant redox
states (eg, Fe(Il1) and Fe(II)) within the thermodynamic database. GRM calculates the pe
of a cell from the most oxidising redox couple, using standard pe functions [9, 10]. Step
changes from one couple to the next occur through microbial action removing the most
oxidising couple.

The microbial module of GRM is based on the landfill model of Young [64] in conjunction
with a number of other models [11, 12]. Currently nine microbial groups carrying out a
range of processes are included within the code. The processes considered can be roughly
classified as:

1. aerobic metabolism,;
denitrification;

fermentation;

iron reduction;

2
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sulphate reduction;
acetogenesis;
methanogenesis;

reoxidation (usiﬁg oxygen); and,

© ® N oo o

reoxidation (using nitrate).

The primary electron donors considered are hydrogen and dissolved organic carbon.
The latter is generated through the hydrolysis of polymeric organic carbon present as
either cellulose, proteins or fats. Hydrogen is produced both by anaerobic corrosion of
iron and by microbial fermentation. Bacterial substrate removal and biomass growth
are described using Monod kinetics as described by McCarty and Mosey [13], with the
addition of a pH control factor.

Corrosion of iron is modelled within GRM to represent the degradation of items such as
steel drums, which typically form part of the LLW inventory. Corrosion is treated sepa-
rately within the unsaturated and saturated zones. In both cases aerobic and anaerobic
corrosion are included, but the resulting products are different. Corrosion in the unsat-
urated zone is a three phase process where iron oxidation is followed by oxide depletion
and then by anaerobic magnetite production. Aerobic corrosion in the saturated zone
produces ferric oxyhydroxides. The user may choose either ferric or ferrous iron as the
corrosion product. Both products are accompanied by the evolution of hydrogen. Pro-
vided that the pH is less than a specified value ®, saturated zone corrosion may produce
colloidal ferric oxyhydroxides.

The corrosion and microbial processes modelled in GRM, are able to generate six gases,
namely hydrogen, carbon dioxide, hydrogen sulphide, nitrogen, ammonia and methane.
Three other gases are considered in GRM. These are:

e oxygen;
e radon; and,
e water vapour.

Radon is produced by the decay of radium. Water vapour is included to model the release
of tritium. Molecular oxygen can be consumed within the model but is not produced.

3This value is specified by the user in grm.cor(although it is usually set at around 9.0).

2

1

Orig |  JG+ 06,/2003 AP AP ISSUE 2

By Date Chkd. Appr. Description of Issue or Revision

BNFL] 5896D (Rev 11/84)



’ ' Project Number
B N FL Program User’s Gmfie for the Code GRM, 00/EN0127/7/1
Version 4.1 Page 16 of 247

Colloidal-facilitated nuclide transport is simulated by allowing up to three types of
colloidal particles to be included. Interaction between the colloid types is limited to the
coupled partitioning between adsorbed and dissolved contaminant species. It is assumed
that colloids are not sorbed, have the same advective and dispersive properties as other
transported species and that filtration is not significant.

Radionuclide sorption onto the non-mobile geomatrix may either occur at a specified
rate or be coupled to the nuclide speciation while sorption onto colloids is taken to be
instantaneous. Sorption distribution coefficients may either be specified as constants at
the species level or at the elemental level as explicit functions of pH. Note that, since
speciation is dependent on solution composition, even the species—dependent distribution
coefficients must implicitly be functions of the leachate chemistry, including pH. Four
distribution coefficients can be used for each species. One of these describes the partition
between the solute and the geomatrix, whilst the others are relevant to the different colloid
types.

Accounting for radionuclide decay is complicated by the presence of solute, sorbed and
solid phases of the nuclides. Once a nuclide has decayed, the daughter product will be
redistributed between its solute, sorbed and mineral phases according to the ambient bulk
chemistry.

2
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2 Timescales and the Modular Approach

Material present within the model is assigned by GRM into one of the following states:
e unsaturated material, including geological and waste material above the water table;
e saturated material, including geological and waste material below the water table;
e liquids, including any dissolved material; and, |
e adsorbed material.

The adsorbed material covers those contaminants that have been removed from their
original position within the system and have become attached to another region through
the process of either precipitation or sorption. Such material includes mobile and immobile
components.

The processes involved in the transfer of material between cells, zones within cells and
between the above states are time dependent. As stated previously, GRM uses a finite
difference approach, evolving the system through a sequence of time steps. Given the
very different processes modelled, the time evolution of different aspects of the system
is likely to proceed at very different rates. It could be computationally very wasteful to
evolve all aspects of the system at the rate of the most rapid process?. Recognition of
this point has led to the development of three main calculational sequence modules, each
being characterised by a separate timescale. The modules are:

1. Microbial module. The kinetic approach to microbiology implies that a short timestep
is required for the microbial calculations (typically less than 1 day).

2. The transport module, which examines the movement of chemicals in the ground-
water. The timescale for these calculations will depend on the system size and the
groundwater velocities, but is likely to be several days at the very least.

3. The chemistry module, which determines the current chemistry within the saturated
zone. PHREEQE/C is used, which assumes equilibrium chemistry. Timescales for the
chemical evolution of a site are likely to be highly situation specific. However, it is
clear that the re-application of PHREEQE/C is only worthwhile when the conditions in
a cell have been sufficiently perturbed through the action of the other processes.

41n addition, such an approach could lead to stability problems. For example, if too small a time step is used in a
finite-difference solution to the transport (advection—diffusion) equation, numerical noise may not be attenuated [14].

2
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Indeed, the overall philosophy of the code is based on a modular approach to the processes
modelled. However because of the central role played by the transport and geochemistry
modules, these two form the framework into which the other processes are interfaced.
The main modules exhibit a definite hierachy of timescales. This is an extremely helpful
observation from a coding perspective, as it allows one to construct a simple timestepping
loop. The time loop used in GRM is illustrated in the figure below.

Sorption

( Release )

Timestep Microbiology_> Chemical - Transport

" |increment | & Corrosion module Module
module S

Radioactive
decay

Timestep loop for each cell

Figure 1: Time loop for several modules in GRM.

After each increment of the transport time, the microbiology module is called. This
implements its own time loop, using the shorter microbial timestep. After the microbial
calculations have been performed, a check is made to see whether or not the next speciation
time has been reached. If so then the chemical module is called. The transport module
is then called, after which the simulation time is incremented by the transport timestep
and the loop is repeated. Note that the looping requires that the speciation timestep be
at least as long as the transport step and that the microbial timestep be no longer than
the transport step.

The following processes are allowed to evolve according to the transport timestep:

e The flow of material between cells and zones. Both the groundwater and any mobile

2
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particles within it will move, according to the direction and speed of groundwater
movement.

e Sorption and desorption. A contaminant can be interchanged between the ground-
water and the surface of the material it is in contact with. This model assumes that
this is a kinetic process: thus it takes time for the relative concentrations in the
groundwater and those on the surrounding material to reach an equilibrium condi-
tion.

e Release from the unsaturated zone. As infiltration water passes through the unsat-
urated zone it removes material. Three release processes are identified:

1. Loose material of a large size fraction can be washed down into the saturated
zone where it remains.

2. Material dissolves in the infiltrating water and is carried down to mix with the
groundwater below the water table.

3. Material of small size fraction is washed down into the saturated zone where it
is held in suspension and is consequently able to migrate horizontally.

2.1 Coupling of Chemistry and Transport

Neglecting adsorption and radioactive decay for the moment, the general system of partial
differential equations describing interactive transport for a system of n species has the
form:

= -9.(ge) + L(DTe) + 3 Sil{el] o

n
=1
where:

e ¢; is the solute concentration for species ¢;

e the first term on the right-hand side (RHS) describes advection, ¢ being the Darcy
velocity (this is related to the pore velocity by ¢ = ¢u, where ¢ is the porosity and
v the pore velocity);

e the second term on the RHS describes dispersion, D being the hydrodynamic dis-
persion tensor; and,
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e the third term on the RHS represents the reactive chemistry, using the notation® of
a coupling matrix, S, which will be a functional of all the species concentrations.

There are many strategies for solving this coupled system although some are likely to
remain computationally intractable for the foreseeable future (see for example, Ref. [16]).
Since the GRM code computes many model processes in order to determine the S matrix, a
simple approach to the solution of Eq. 1 is highly desirable so that the CPU and storage
requirements can be kept to manageable levels. One of the simpler approaches, and indeed
the one that is adopted within the GRM code, is to follow a two-step approach. In the first
step, the S matrix is set to zero and the transport equation is solved by an explicit finite
difference method. Reactive chemistry is dealt with separately in the second step, where
the chemical equilibrium submodel is called to calculate the distribution of the chemical
species under thermodynamic (partial) equilibrium conditions. By splitting the transport
and reaction aspects in this way, we assume that:

e the transportation of species in the system is not sufficient to cause significant local
deviations from chemical equilibrium; and,

e the chemistry in the system evolves slowly enough that the concentration of each
species over the course of a transport time step is well approximated by its concen-
tration at the start of the time step.

Obviously, these two assumptions are strongly related to each other and to the assumption
of defining a hierarchy of timescales in the problem.

%as in Ref. [15] for example.
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1.

3 Transport Model

This section deals principally with the geochemical transport model, outlining its theoret-
ical basis. An indication of the simplifying techniques which have been found necessary
and their supporting assumptions are given.

3.1 Groundwater Flow

GRM does not contain a groundwater flow solver and hence the flowfield, v(r,t), must be
supplied externally. The user is supplied with two methods of doing this:

The flowfield may be specified explicitly within the input file grm.f1lw. For simple
one-dimensional test cases, one could write this file manually but this is unlikely
to suffice for real site simulations where the flowfield will be of a complex two-
dimensional nature. In such situations, a grm.f1w file could be constructed from
interpretation of the results of the BNFL groundwater flow solver GRWOLF [17]. Note
that if the option of using a grm.flw file is chosen, then the finite—difference grid
on which calculations are to be performed must also be supplied manually (in file
grm.grd).

. The groundwater flow package MODFLOW [18] may be used. GRM has the ability to

read data directly from the (unformatted) output files produced by MODFLOW. Note
that these files must have the stem modf. to be recognised by GRM. If this option is
chosen, then the finite-difference grid (together with various hydraulic properties) is
specified using the MODFLOW pre-processor package MODELCAD [19] via the MODELCAD
grid (.grd) output file. This grid file must be named modf .grd for use by GRM.

Within version 4.1 of GRM there is a facility for defining a variable flowfield. In order to
do so, one must use the grm.flw option described above. The user can specify flowfield
parameters for a number of distinct flowfield periods (up to 10 periods may be defined
in the current version of the code). The parameters are assumed to remain constant
throughout each such period.
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3.2 Species Transport

The pure transport processes in GRM are described by making a simple modification to
Eq. 1 to yield:

aci

ot
The penultimate term represents the removal of groundwater from the system due to a
pumping well on the boundary. The final term represents the addition of water due to a
boundary well (¢;g is the species concentration at the boundary). These two new terms
account for the effect of incoming and outgoing groundwater flux in the model domain.

The species transport in GRM is modelled by solving the above equation for each trans-

port timestep, using an explicit—differencing scheme. Further discussion of differencing
methods is available in many numerical texts (see for example Ref. [20]). The explicit—
differencing scheme used by the current version of the code is based on the following
representation of Eq. 2.

Ac; ;
V;,]' Alt] = F’i:?—l,j - F’zf] + ‘Fzy] 1 Ff{] - pi,jci».’l Z rz] z,] (3)

= ~V.qc; + ¥(D.V¢;) — Pe; + Reir (2)

In the above equation:
e 7 and j label the finite difference cell;
e V;; is the porevolume of the saturated zone of the cell;
e F7. denotes the flux to/from the ¢, j th cell in the a-direction;
e p;; is the rate of water extraction to the external environment; and,

e 7 is the rate of water influx from the n th external source, at which the species
concentration is ¢”.

Should the cell (i — 1, ) or (i,j — 1) not exist then clearly the corresponding flux is set
to zero. The fluxes F' have their origin in the advective and dispersive terms of Eq. 2,
FE = A% 1247, DEe i~ Oty g gy pen s~ it (4)
3% H 7 Y T — Tiog My — i
and similarly for F/; Y.. In Eq. 4 we have introduced Af; and Ay to represent the saturated
area of the right and front faces respectively of cell (z, 7).
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Figure 2: Definition of the cell faces.
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As illustrated in Fig. 2, the ‘right face’ of cell (7, j) is the boundary between cell (3, 5)
and cell (¢+1, 5), while the ‘front face’ is the boundary between cell (i, 5) and cell (4, j+1).
The concentration ¢ 1 ; is defined according to the sign of the flux across the right

2’

face of the cell,

x
&, =] G vy 20 (5)
it+3.] cfﬂ’j vi’:’j <0

3.3 Dispersion

Following Refs. [14, 21], in GRM the dispersion tensor is decomposed into a contribution
that is due to molecular diffusion, plus longitudinal and transverse components of me-
chanical dispersion. The strengths of these are described by parameters oy, af and ar
respectively, defined by:

Dij = CIM(S,*J' + arv (5ij - U;?) + oy UZ:] (6)
(Note that in this subsection, the indices 7 and j label spatial components i.e.directions,
rather than cell positions.)

In practice, although oy appears in the GRM code, its value is thought likely to be small
and subject to large uncertainties. Thus, it has been hardwired to zero in the current
version.

In the approximation of the first—order derivatives in Sec. 3.2, errors proportional to
the second-order derivatives were introduced. This phenomenon is known as numerical
dispersion and depends on the coarseness of the finite-difference grid, and also on the size
of the transport/computational timestep. It is straightforward to show (see Appendix B
of Ref. [2] for example) that the approximations result in an effective dispersion of ®:

~ 1 1
Dij == Dij -+ -2~’Uﬂ)j5t - -2‘51‘]"02'5.73]'. (7)
In one dimensional simulations, it is possible for the user to attempt a correction of
inaccuracies due to numerical dispersion by using Eq. 7 to adjust ;. One should bear
in mind, however, that Eq. 7 neglects terms of higher order which could be significant in
some situations. The objective of this discussion of numerical dispersion is to highlight

SThis equation is only a first-order approximation
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the point that care must be taken when choosing the coarseness of the finite difference
grid.

3.4 Checks

Whilst transporting the individual species concentrations, a test is made to determine if
the concentration remaining in any one cell is negative. If the concentration does become
negative, the amount transported is adjusted so that the amount remaining is zero.

The transport solver described above is contained within the transport module of the
GRM. This transport module also updates concentrations due to radioactive decay, leaching
and sorption. The transport module is in a time loop which is performed for each cell of
the model (see Fig. 1).

Within the transport module of GRM version 4.1, there is an option which allows ra-
dionuclide mass balance calculations to be performed. This option is switched on using
the flag IMSBAL in the main input file grm.dat. Within these calculations, no distinction
is made between different isotopes, or the decay chains to which they belong. The check
considers the total quantity of the element in the initial inventory, the amount entering
the modelled domain from external sources, the amount leaving the modelled domain and
the amount remaining in the modelled domain. Changes due to radioactive ingrowth and
decay are also tracked. The results of these calculations are written to the output file
grm.bal.

3.5 Boundary Conditions
Boundary conditions within GRM fall into two categories:
1. groundwater flowfield boundary conditions; and,

2. chemical speciation boundary conditions.

Like the internal groundwater flowfield, conditions falling into the first of these categories
are either set in the input file grm.f1w or within MODFLOW and are simply picked up by
GRM at the data initialisation stage. Following the terminology of MODFLOW, there are three
possible types of flowfield boundary condition:

1. constant head;

2. wells; and,
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3. recharge.

For each type, positive values represent flows into the model domain and negative values
represent flows out of the domain. Recharge flows into the modelled domain are used
to represent infiltration from above and may be used in determining the rate of leaching
from the unsaturated to the saturated zone of a cell (see Sec. 3.6). There is no physical
distinction between well flows and constant head flows in the code, other than to provide
two more types of external flow. In many GRM applications, it has become the practice to
use constant head flows to describe seepage through the base of the modelled region and
to use well flows to describe flows through all other external boundaries (apart from the
top boundary).

In models where one or more constant head cells have been specified (and where
MODFLOW is used), an extra block of data appears in the .cbb file. This block contains the
flows within such cells. If one or more well cells are specified, a .cbw unformatted file is
created. This file contains flows at every cell in the model. However, only those specified
with non-zero well flows will have non-zero values. Recharge cells are handled similarly
to well cells, the appropriate MODFLOW file having the suffix .crc.

Conditions in the second of the above categories, i.e., chemical speciation boundary
conditions, are defined by the user in the input file grm.bcs. This file contains species
concentrations and pH/pe data on a cell by cell basis for each type of external flow. Either
constant or time—dependent boundary concentrations may be specified. Note, however,
that if constant boundary concentrations are used then the influent streams are assumed
to be nuclide free so that only macrospecies (and colloid) concentrations are specified in
grm.bcs.

Only advective boundary fluxes are considered: i.e., dispersion through the external
walls of the model domain is not considered.

3.6 Release from the Unsaturated Zone

Release of material from the unsaturated zone is performed on an elemental level: i.e.,
the rate of release of a particular microelement’ is the same for all isotopes and species
of that element. There are two different release models available within GRM and the user
is able to choose which of the models is to be applied to each microelement in each cell
of the grid.

"Microchemistry and macrochemistry are defined in Sec. 4.2.
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The first model simply assumes first—order release: i.e., that the release rate for a
particular element is proportional to the mass of that element in the unsaturated region.
The release rate L is given by:

L= (8)

where:
e ( is the water flux infiltrating through the unsaturated region (the recharge flow);
e V, is the volume of the unsaturated region;
e ¢ is the bulk porosity of the unsaturated region;
e 7 is a user-supplied release coeflicient; and,
e m is the mass of the element present in the unsaturated region.

The second model is more mechanistic and attempts to account for the effects of
sorption and solubility on release. Neglecting solubility for the moment, the total element
mass in the unsaturated region which is in the liquid phase (and therefore available for

release) is:
m

1—;"7_%:, (9)
where p is the bulk density of the sorbing medium and Ky is a distribution coefficient.
Accounting for solubility limitations, the maximum mass released over a single timestep

1S:
Rmax - CSQAt7 (10)

where ¢, is an effective solubility limit and At is the transport timestep. Thus, a mass
Rmax 1s released every timestep until:

m

After this time it is assumed that the remaining microelement mass is distributed uni-
formly over the volume QAt, so that the mass released over one timestep becomes:

m
R= ——er. (12)
pKq
1+ ¢d
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The second model described above is sometimes referred to as the two parameter release
model (the parameters being ¢, and K,;). A more complex approach to release was at one
time investigated, using a one dimensional simulation of the vertical direction to derive
the radioelement release function, which was then used to supply time dependent nuclide
boundary concentrations to the GRM. Comparisons of the two parameter release model
with the more complex treatment have been very favourable [22].

The parameter ¢, was described above as an effective solubility limit. Although the
concentration in the unsaturated zone could indeed be solubility limited due to mineral
formation, the user may wish to set a value of ¢, based on other considerations. For
example, consider a radioelement that is not sorbed and does not form minerals. If it is
evenly distributed in an unsaturated zone where the infiltration rate is modest, then the
release rate will be constant during the time taken for the radioelement to be transported
through the unsaturated zone. Such behaviour could be modelled through an appropriate
choice of the effective solubility limit.

3.7 Waste Settling

GRM is principally concerned with modelling the saturated region within a waste repository.
The role of the unsaturated region is mainly to provide a headspace for gases. As the
waste in the saturated region is degraded, particularly due to hydrolysis of proteins, fats
and cellulose, there will be a reduction in the total solids volume within this region. As
this happens, solids within the unsaturated region will be able to drop beneath the water
table. The solids which are able to drop are cellulose, proteins, fats, minerals, iron and
corrosion products. In addition, nuclides (whether in the solid phase or sorbed onto other
solid phases) are also allowed to drop.
The following simplifying assumptions regarding settling have been made:

1. the change in the solid volume within the saturated zone is due solely to the hydrolysis
of cellulose, proteins and fats;

2. nuclides do not contribute to the waste volume (either in the saturated or the un-
saturated zones);

3. the porosity of all solid phases is equal, i.e. there are no porosity changes due to
settling;

4. the active fraction of '*C in the unsaturated region is the same as in the saturated
region for each carbon species at the start of the simulation and is not recalculated.
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The active fractions of *C within the saturated region are recalculated using these
constant active fractions of the unsaturated region. Thus, it is assumed that for 14C,
settling is an important process for a limited time, which is significantly less than
the C half life (5730 yr);

5. solids drop down in proportion to their volume fraction in the unsaturated zone;
6. there are no headspace volume changes in the unsaturated zone due to settling; and,
7. all mineral phases in the unsaturated zone have the same bulk density.

From assumption 1 above, the total change in the volume of solids within the saturated
zone over a single time period is:

AV. P = 23: (AMcelli + AMproti + AMfati)
> Pcell; Pprot; Ptat; ’

=1

(13)

where AMcey, is the mass of type 7 cellulose® hydrolysed over a microbial timestep and
peell; 1s the bulk density of type ¢ cellulose. Similarly, ‘prot’ and ‘fat’ are used to label
proteins and fats respectively.

Recalling, from assumption 5, that solids drop in proportion to their volume fraction
in the unsaturated zone we must construct the total volume of “droppable” solids in the
unsaturated zone. This is given by:

(14)

DV = (Mcell,- +Mprot,- +Mfati)
i=1 \ Peell; Pprot; Pfat;

+ Z Mminj + Miron + z Mcp,
j  Pmin; Piron 1 Pep,

where M and p denote mass and bulk density in the unsaturated zone respectively, min;
is the j th macromineral (not formed via corrosion), ‘iron’ is uncorroded iron and cp; is
the [ th corrosion product.

The drop down of each individual “droppable” solid is now considered in turn.

1. Cellulose
In line with assumption 5 above, the volume of type ¢ cellulose which drops from the

8The different types of cellulose, fat and protein will be discussed later.
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unsaturated to the saturated zone in a single timestep is:

drop _ AVsat Mcell,» (15)
cell DV peer, ’
so that the mass of type 7 cellulose which drops is:
' Meen,
MG? = AViy —= (16)

DV °

. Proteins

Proteins are handled similarly to cellulose.

Fats
Fats are also handled similarly to cellulose.

Macrominerals (not formed via corrosion)

The situation with minerals is simplified by assumption 7 above. This states that
they all have the same bulk density, and so Pmin; In Eq. 15 has the same value for
each j. This avoids the need to specify a different value for each mineral in the
PHREEQE database. Thus the volume of mineral j which drops from the unsaturated

zone is:
Vrgfr(:p — AVsat Mminj ‘ ; (17)
’ DV Pmin
This leads to a dropped mass of:

Mmin,
Mgi? = AViy Dmvm" (18)

. Uncorroded Iron

Iron which remains uncorroded in the unsaturated zone is again similar to cellulose,
the dropped mass being given by:

drop __ Miron
Miron - A‘/Sat——D_\/_' (19)
Although not physical, the iron which drops down to the saturated region is assumed
to increase the dimensions of the iron plates, spheres and rods® in the saturated
region and decrease them in the unsaturated region. This is done in order to allow

subsequent corrosion of the dropped-down iron in the saturated region.

®These different geometries for iron are discussed in Sec. 9.
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e Rods

The number of rods in each region is assumed to remain unchanged. Hence, if
the mass of the rods in the saturated region is Mgat, the density of mild steel is
p and the number of rods is N, then:

Msatr = NWTQL (20)

where r is the average radius and [ is the average length of the rods. If the mass
of iron rods which drops down is AM, then:

Mgy + AM = NprR*L, (21)

where R and L are the new radius and length of the rods respectively. Assuming
the same ratio of radius to length before and after the drop down, the new radius

becomes: 13
A
R= [Ti (____M—Msa;;ﬂ M )] , (22)

and the new rod length is:
Msat + AM

pN=R?
The new average rod radius and length in the unsaturated region are calculated
in a very similar manner.

L= (23)

e Spheres

If the mass of the spheres in the saturated region is Msat and their average radius
is r then:

4

where N is the number of spheres in the cell. Taking the mass of dropped—down
spheres to be AM, the new mass is then:

4
Mgt + AM = g7rR~”"1\fp, (25)
R being the increased radius due to drop down, which is given by:
/3
Msat + AM !
R=13|—— 26
{ ( 47 Np (26)

The average sphere radius in the unsaturated region is calculated in a very similar
manner.
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e Plates

Taking the weight of the plates in the saturated region to be Mg,¢, their thickness
to be ¢, total surface area (top and bottom) to be A and the density of steel to
be p then:

A
Msat = —Q-tp' (27)

Assuming the ratio of surface area and thickness to be the same before and
after the mass of iron has dropped down, then the new surface area (SA) can be

written as: 1/2
SA =9 [é (MH ,
2 pt

where AM is the mass of iron plates which have dropped down. A new thick- _
ness is easily calculated. Similar expressions hold for the new surface area and
thickness in the unsaturated region of the cell.

(28)

6. Corrosion Products
Iron corrosion in the unsaturated zone gives rise to two possible solid products: Fe,Oj
and Fe3O4. On dropping down into the saturated zone, these solids are assumed to
instantaneously dissolve, giving appropriate quantities of liquid Fe?* and Fe3t ions.
In the case of Fe,Oj3, one mole of solid gives two moles of Fe3* ions. Fe;O,, however,
is a mixed oxide so that one mole of solid gives one mole of Fe?* and two moles of
Fe*. Thus, over a single timestep, the masses of Fe,0O3 and Fe3O4 which drop from
the unsaturated zone are given by:
drop Mge,0
MF6203 - A‘/Si‘lt D\2/ 2 (29)
drop MFe;0

MFe3O4 - A‘/Satr D\s/ : . (30)
The corresponding increases in the liquid masses (kmol) of Fe?* and Fe®* are given
by:

Mrpe,0 1
Afe = Alggy—2-t 31
Fes sat DV MWF8304 ( )
Mpe,0 1 Mpe,0 1
AR = 2|AV, 2 + AV, e 32
Fes U DV MWre,0, DV MWpeo0, (32)
where MWy is the molecular weight of X.
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. Nuclides

As was stated above, it is assumed that nuclides do not contribute to the waste vol-
ume. It is also assumed that, within the unsaturated zone, each nuclide is distributed

“evenly (on a volume basis) throughout the entire unsaturated volume. Thus, over

each timestep, the proportion of the total mass of each nuclide which drops from
the unsaturated zone is equal to the fraction of the total unsaturated volume which
drops down. Thus:

AVsat

e Vunsat
where My, is the mass of nuclide ¢ in the unsaturated zone and Viynsat 1s the total
volume of the unsaturated zone (which is assumed to remain unchanged despite the
settling).

AMpye, = (33)

Nuclides dropping from the unsaturated zone are initially added to the liquid phase
on entering the saturated zone and any necessary precipitation or sorption is handled
subsequently by the appropriate section of code. Note that nuclide drop down occurs
in addition to the existing release mechanism. The two effects are simply additive
in general. However, this combination of mechanisms may potentially result in a
greater amount of nuclide transfer within a timestep than the amount which was
originally present in the unsaturated zone. Should this occur then the rates of the
two processes are reduced on a pro rata basis such that the amount remaining in the
unsaturated zone is zero.

The option for settling calculations to be included is switched on by the IDROP flag in
the file grm.dat. The densities which are used to calculate the amount of mass which
settles down to the saturated region are defined in the input file grm.bug. The grm.bug
file also contains flags that enable settling to be switched on or off on a cell by cell basis.

3.8 Colloidal-Particle Facilitated Transport
3.8.1 Background

Traditionally contaminants that migrate under saturated or unsaturated conditions have
been simulated assuming the existence of one or more mobile dissolved phases and an
immobile solid phase associated with the soil matrix. Recently though, there is evidence
that colloidal sized particles can transport radionuclides some distance away from the
radionuclide source area [23]. However, this is dependent on a number of factors, such

as [24]:
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e are colloids present?
e are they present in large enough quantities to be significant?
e are they transportable [25]7

e do radionuclides associate with the colloids [26]7

is uptake reversible or irreversible?

A major problem with modelling of colloidal transport is that the composition and
properties of colloids will be very site specific. For instance, in the Kristallin-1 safety
assessment [27], NAGRA, while not denying that colloids could be generated by the
degradation of waste and canisters in their near field concept, have reasoned that the
sequence of events that would have to happen to allow colloidal transport through their
highly impermeable bentonite backfill “cannot happen, and the scenario is excluded from
quantitative assessment”.

Therefore, the most rigorous approach to the modelling of colloidal transport would
involve:

e the chemical and physical properties of specific colloidal material found at a site;
e the interaction of this material with radionuclides;

e the interaction of the combined radionuclide-colloidal particle with matrix materials
encountered in the flow path; and, '

e an understanding of the impact that the physico-chemical evolution of the site will
have on the above features.

Clearly, a great deal of site-specific information would have to be obtained in order to
follow such a rigorous approach. The generated model would also be specific to a particular
conceptual model of site behaviour. Colloidal migration is a relatively new, developing
field of study in which the majority of published studies do not address all of the above
issues. For this reason, the implementation of colloidal-facilitated transport in GRM uses a
simple empirical association model. Its parameters can be obtained either generically or
by empirical calibration. The GRM approach has the advantage of allowing an exploration
of the sensitivity of model results to various colloidal assumptions based on conceptual
and parameter uncertainty.
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3.8.2 Model Implementation

The approach taken allows up to three types of colloid to be modelled. These may be
defined in grm.bes for influent/effluent streams, in grm.inv for the initial inventory com-
position, and in grm.kds for the distibution coefficients of microelements on the colloids.
Colloid Type 1 is "hardwired” to the corrosion routines (i.e. linked to Fe** via COLPER).
If the corrosion facility is not utilised, yet Colloid Type 1 is still defined in the inventory,
then it will disappear at the first timestep (see 9.1). If other(non-corrosion related)colloid
types are to be considered, these should be defined as Colloid Type 2 or 3. Multiple
colloidal types are expected in natural porous media, owing to such factors as size dis-
tribution considerations, and potential inorganic and organic colloidal sources. In the
GRM implementation, interactions among colloidal types are limited to adsorption kinetics
between dissolved and adsorbed contaminant species.

The movement of colloids is assumed not to influence the flowfields in either the satu-
rated or unsaturated zones. Under the further assumption that the colloidal particles are
not sorbed and have the same advective and dispersive properties as the other transported
species, one can incorporate the colloidal transport by making some simple modifications
to the pure transport equation (Eq. 2):

e the colloid transport is treated by using Eq. 2 for each colloidal type (7), replacing
the species concentration ¢; by the colloidal particle density, p’(r, t);

e transport of non-colloids is treated by using Eq. 2 as before, but replacing the species
concentration ¢; thus:

¢ = ¢+ Z sip’ (34)
J

where s!(r,t) represents the amount of species ¢ that is adsorbed onto the mobile
colloid species j.

The modelling of sorption of species onto the colloidal particles is described in Sec. 5.
The GRM colloidal model is a simple one. Certainly it would be possible to go further.
For instance, the sorption coefficient could be allowed to vary with the particle size and
chemical nature. However, any such refinements would slow the code’s operation and will
only be included if data becomes available or if sensitivity studies indicate the value of
the modifications.
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4 PHREEQE/C Geochemical Model

The second step of the two-step approach described in Sec. 2.1 is undertaken by PHREEQE [5]
or PHREEQC [6]. These are public domain packages, of which the former has been in in-
dustrial and academic usage for two decades. PHREEQE/C’s most common uses are as
stand-alone packages for geochemical speciation studies.

PHREEQC is derived from PHREEQE but has been rewritten eliminating many of the
deficiencies and limitations of PHREEQE and gaining many new capabilities. These new
capabilities are described in full within [6], however one feature of particular relevance
is surface complexation which is described briefly within this document (Sec. 4.9). The
compatibility of PHREEQC with other GRM options is described in Appendix O.

In GRM PHREEQE and PHREEQC have been adapted to perform integrated chemical ther-
modynamic equilibrations. These adaptations have required significant changes to the
way in which PHREEQE and PHREEQC are used. While PHREEQC is superior in many ways,
there are circumstances in which use of PHREEQE is advantageous (Sec. 4.2). In the fol-
lowing section, the equilibrium equations solved and the changes made to the packages
are described. For simplicity only PHREEQE is referenced, however all descriptions apply
equally to PHREEQC unless specified otherwise.

4.1 Chemical Equilibrium Relations

For an aqueous system which contains J dissolved chemical species, it is always possible to
choose a set of I linearly independent primary variables (I < J) such that the formation
of all chemical species can be expressed in terms of the primary variables. The primary
variables represent I chemical components of the species, and from them secondary vari-
ables (representing all other chemical components) are determined through mass action
equations.

To solve a system with I primary variables, obviously I equations are required. The
equations are constructed here by applying the mass balance principle to each component
except for hydrogen, oxygen and water. The mass balance equation for hydrogen is
replaced by a charge balance equation. Conservation of electrons accounts for the mass
balance of oxygen. The mass of water is assumed constant, since chemical reactions in
groundwater involve only a small mass transfer of water [28]. If the aqueous system is in
equilibrium with P mineral phases then an additional set of P unknowns is introduced
in order to describe the amounts of the P mineral phases precipitated or dissolved. The
additional equations required for the mineral phases are provided by solubility constants
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which relate the minerals to the solution via mass action equations. The additional
unknowns will appear in the mass balance equations for each component in the solid
phase. Note that the number of mineral phases which can be in equilibrium with the
aqueous phase cannot violate the Gibbs phase rule.

For a system in thermodynamic equilibrium containing J primary variables for J chem-
ical species, and P mineral phases, mass balance equations for each of the I components
(excepting those that describe H and O) can be written as:

J P
S hiiCi=Cl + 3 bipoy, (35)
g=1 p=1

where:

e h;; is the stoichiometric coefficient of the : th component in the j th aqueous chemical
species;

e C; is the concentration of the j th species;
e C7 is the sum of the initial aqueous concentrations of component i;
e b;, is the stoichiometric coefficient of the ¢ th component in the p th mineral; and,

e q, is the net mass transfer of the p th mineral (positive for dissolution, negative for
precipitation).

The above equation simply states that the sum of the aqueous concentrations of chemical
species J which contain the 7 th chemical component must equal the initial total aqueous
concentration of the i th component plus the mass exchange between aqueous and solid
phases of the ¢ th component.

The mass balance equation for hydrogen is replaced by the charge balance equation,
which states that there is no net charge in the solution:

J
Z ZjCj - 0, (36)
j=1

z; being the charge on the j th aqueous chemical species.
As stated earlier, mass conservation of oxygen is replaced by conservation of electrons.
In order to formulate this, we define a redox state (RS) of the solution as a means of
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keeping track of electron transfer during redox reactions. Following Ref. [5]:

J
RS=Y"1,C;, (37)

j=1

where v; is the “operational valence” which is assigned to the j th chemical species. By
analogy to the mass balance equation, the conservation of operational valence can be
written as:

J P

> viCi =RST + 3 ppay, (38)

j=1 p=1
where RS” is the redox state of the initial solution and s, is the operational valence of
the p th mineral. The number of electrons transferred between phases is a function of
the concentrations of the reactants and products and the oxidation state of each chemical
species in the reactants and products.

Finally, we turn to the additional equation required for each mineral phase in order
to solve the system of equations for the equilibrium calculation. This is provided by the
solubility product K, of the mineral that describes the reaction by which a precipitate
dissolves in pure water to form its constituent ions:

Ha?i" = K,. | ' (39)

Here, we have introduced a; to denote the thermodynamic activity of the 7 th component
(Wthh is given by the product of C; and the activity coefficient ;).

This completes the set of equations needed to solve the system. They constltute a set
of I + P non-linear equations in the P unknowns «, and I of {C;}. This system could
be tackled by a variety of numerical methods. In practice, a Newton-Raphson iteration
method is used in PHREEQE [5] and has been carried through into GRM. Once the solution
has been established, activities or concentrations of the I — J chemical components that
are not represented by the primary variables are simply evaluated from the mass action
equations:

I
hij
aj:’ij’j::KjHai’, (40)
i=1
where K is the equilibrium constant of the j th chemical species and 7v; is its activity
coefﬁment
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4.2 Species Decoupling Methodology

The chemical modelling in PHREEQE can be simplified to good advantage by splitting the
elements into two groups, which constitute the macrochemistry and microchemistry.

e Macrochemistry: This covers the chemistry of elements which exist in sufficiently
large concentrations to affect each other. Thus, if one chemical in this group were
removed it would alter the concentrations not only of species involving itself but also
of other species.

e Microchemistry: this covers the chemistry of elements which exist in quantities so
small that their presence only alters the concentrations of species of which they are
a constituent.

The GRM code first considers the macrochemistry, which generally means those elements
and species not involving a radioactive component. These calculations are carried out
directly by PHREEQE. Subsequently the microchemistry is considered. Although these cal-
culations use information supplied in the PHREEQE database, they do not use the PHREEQE
code. Instead they rely on independent linearized equilibrium equations. This approach
was chosen since the CPU time spent in the PHREEQE component of the GRM could oth-
erwise have been about an order of magnitude greater than that devoted to all other
modules. By separating the calculations in this manner, the number of species analysed
by PHREEQE can be significantly reduced.

For example, it is expected that the user will be able to treat radioelements as belong-
ing to the latter category since their concentrations should be small enough to have no
significant chemical effect on the amount of any other element in solution. Radioelements
are therefore categorized as microelements. A change in, say, the calcium concentration
however could influence the amount of several other elements in solution and therefore it
is treated as a macroelement. Experience has shown that this split in the elements can
considerably reduce the computing time spent doing iterative PHREEQE calculations and
that it entails only a very small loss in accuracy.

NOTE: In PHREEQC, the addition of new features, such as surface
complexation, means that the species decoupling feature is no longer
applicable. In PHREEQC the distinction between micro/macroelements is no
longer made, and thus all elements are included in the mass-action and
speciation calculations for the system.
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4.3 Macrochemistry Determination

The macrochemistry is determined by applying PHREEQE in each finite-difference cell.
Note, however, that speciation is not necessarily performed after every transport timestep
(see Sec. 2). The transport and speciation timesteps are set separately, the only require-_
ment being that the speciation calculations cannot be more frequent than the transport
calculations.

Because of its original design as a stand-alone package with considerable input and
output, the PHREEQE coding is relatively inefficient. Even after separation of the micro-
chemistry and macrochemistry, a large proportion of the CPU time for a GRM run is spent
in evaluating the macrochemistry. Various modifications have therefore been made in
order to speed up the PHREEQE operations.

In its original form, PHREEQE reads in a large database of thermodynamic information,
which consumes a significant amount of CPU time for each PHREEQE run. Thus, a useful
modification was to do this only for the first, initializing PHREEQE run.

Normally PHREEQE takes a guess at the equilibrium speciation and then uses a Newton-
Raphson iterative procedure to move towards the true solution. However, if the GRM
timesteps have been chosen correctly then the macrochemical situation prior to the
PHREEQE call should be reasonably close to that found after it. Thus, in the GRM code,
the current macrochemistry is used as a first estimate, which should reduce the num-
ber of iterations required to update it. Because of this starting point, PHREEQE may be
able to converge on the updated equilibrium speciation very quickly and so the PHREEQE
requirement for at least five iterations has been removed.

The stand—alone PHREEQE code contains a number of numerical parameters which de-
termine when a solution can be said to have converged. Most of these have been hardwired
into the GRM code: robust values, suitable for the GRM context, having been chosen after a
good deal of experimentation. Only one tolerance parameter has been left to the discretion
of the GRM user, since the accuracy of the PHREEQE solution within GRM can occasionally be
a little sensitive to it. This is ECLOSE, which controls the admissible deviation in the elec-
trical balance equation. The user who wishes to experiment with this parameter should
note that its value will affect the code run time. The number of iterations required?® by
PHREEQE scales like log ECLOSE.

During a GRM simulation, macrochemistry modelling is only performed at times less
than a predefined time (TENDCHEM). Thus, there is a facility to switch off macrochemistry

10This statement follows from the following property of the Newton~Raphson method [29]: that, in a convergent scheme,
the error in the k -+ 1 th iteration is proportional to the square of the error in the k th.
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modelling during a GRM simulation. After the time TENDCHEM the macrochemistry is frozen
but microspecies modelling continues. The option to switch off macrochemistry modelling
during a GRM simulation is included to enable the user to switch off the CPU intensive
macrospecies modelling routines in situations where a steady-state bulk chemistry has
arisen. This facility is useful during long-term simulations where steady-state situations
arise and permits the execution of GRM runs which would otherwise be prohibitive due to
runtime considerations.

For the PHREEQC option, speciation calculations are performed in exactly the same
manner as in the stand alone PHREEQC code.

4.4 Macromineral Dissolution and Precipitation

In PHREEQE all solid phase materials are called minerals and this definition is carried
through into the GRM methodology. PHREEQE was written so that precipitation and disso-
lution could be handled by the user in an interactive manner. Thus, PHREEQE examines
the speciation it has predicted and gives an indication as to whether any minerals are
supersaturated. However, without specific instructions it will not allow any of these to
precipitate. The user must examine the saturation indices and then rerun the code indi-
cating which of the minerals are to be allowed to precipitate. This procedure has been
automated within GRM. Up to two minerals can be picked out at a time: the most super-
saturated mineral (which is likely to precipitate) and the most undersaturated mineral
which is present.

The automation means that within GRM, all minerals in the PHREEQE database can
potentially be precipitated. Hence, the GRM user should take care to include in the database
only those minerals which are likely to precipitate in practice, taking into account their
precipitation/dissolution kinetics and their occurrence in low—temperature environments.

Precipitation or dissolution of a mineral from an aqueous solution is determined by its
solubility product. The dissociation of a mineral Mg*Xg‘ in solution is expressed as:

MEXE = pMih + aX(ag)- (41)
The product of the activities of the species involved in forming the solid phase is called
the Ion Activity Product (IAP):

IAP = {MF}1P{X""}e. (42)

The value of the IAP when the solid phase is in equilibrium with the aqueous phase is
called the equilibrium solubility product, K. A saturation index, SI, for a mineral can
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now be defined by:
IAP

. Ky
This index indicates whether the mineral is supersaturated, undersaturated or in equilib-
rium with the aqueous phase.

ST = log (43)

1. If ST is zero, the mineral is in equilibrium with the aqueous solution, so nothing will
happen.

2. If SI is positive, the mineral is supersaturated and so to reach equilibrium, precipi-
tation will occur.

3. If SI is negative, the mineral is undersaturated. If the mineral is in contact with the
aqueous phase then dissolution will occur. However if none of the mineral is present
then nothing will happen.

The larger the modulus of SI, the further from equilibration is the mineral. In practice,
GRM selects minerals using a modified SI value [7], [8], dividing by the number of aqueous
species that make up the mineral, excluding water and hydrogen ions. This scale factor is
applied so that minerals containing large molecular assemblages (e.g., MgCa(COs),) can
be compared with simple minerals (e.g., CaCO3).

For the PHREEQC option, changes in mineral concentration results for dissolution and
precipitation are calculated by the PHREEQC subroutines in exactly the same manner as
in the stand alone PHREEQC code.

4.5 Microchemistry Determination

A separate GRM module is used to calculate the speciation of the microelements. It uses
the results previously calculated by PHREEQE for the speciation of the major elements
present in the solution.

Neglecting mineral formation and sorption for the moment, the total amount of mi-
croelement X in solution must be conserved during microelement speciation. Thus:

(X] = Karee] + >_[Xi], (44)

where X denotes the free X ion and the surnmation extends over the complex ions that
are formed by association reactions of the free X ion with other macrochemical species in
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solution (examples might be ThCO3*, Th(OH)§ and Th(OH)4). Equilibrium constants
for each 7 are given by mass action equations:

{Xi}
Kx, = ’ (45)
{Xgree i {M}*
where {...} denotes activity, M; is the macrospecies which forms X; along with Xfee, and
s; and f; are stoichiometric coeflicients.
The activity coefficient relates concentration to activity by:

{a}

[a]
for any species, a. For an ionic species, the activity coefficient depends on the charge of the
species, Z, and on the ionic strength of the solution, p. There are several formulations
for evaluating activity coefficients [5], but for microelements where Z # 0, the Davies
equation has been judged [30] the most appropriate 1,

logy = —AZ? (Tg—ﬁﬁ - %) (47)

where A depends on temperature and solvent permittivity, and is evaluated within PHREEQE.
Where Z = 0, the WATEQ DEBYE-HUCKEL equation is used, which in this case reduces to:

logy = bu (48)

where b is a constant, assumed to be 0.1. Now, the concentration of X; can be expressed

using Eqgs. 45 and 46 as:
Kx, : :
= ”&{X&ee}f’{Mi}sl- (49)
TXi

Apart from the activity of the free X ion, all of the quantities on the right-hand side of
the above equation are known. The activity coefficient is calculated as described above;
{M;} was determined from the PHREEQE macrochemistry speciation and the equilibrium
constants, K, are known from the PHREEQE database (they are corrected for temperature
dependence by using the Van’t Hoff expression and the enthalpy of reaction). Substituting

[Xi]

117This type of aqueous model is adequate at low ionic strengths but may break down at higher ionic strengths (in the
range of seawater and above) [6]. These concentrations may be exceeded during modelling of fluid chemistries in LLW sites
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into the conservation equation (Eq. 44), one derives a polynomial equation for free X ion
activity:

[X} = 7)_(flm {Xfree} + Z E&{Xfree}ﬁ{Mi}si- (50)

i X
It is assumed within GRM that f; is never larger than three. The resulting cubic equation
is solved by using the Newton-Raphson method, based on a starting value obtained by
neglecting the quadratic and cubic terms in Eq. 50. In most cases, however, the iterative
method is not really needed since the correction terms to the initial estimate are generally
negligible unless equilibrium constants for dimers and trimers are larger than those for
monomers.

Once the microelement free ion species activity has been calculated then activities
for the derived species are straightforward to evaluate using the above equations. Note,
however, that calculation of the free ion species activity must be modified if solid species
of the microelement are precipitated or redissolved (see Sec. 4.6).

For PHREEQC users see note in section 4.2. The user is also referred to the PHREEQC
user guide for the treatment of activity correction [6].

4.6 Micromineral Dissolution and Precipitation

Using Eq. 43 and a generalization of Eq. 42, the saturation index can be written as:

Sl =~ log(Ksp) + Z Sn IOg{An}a (51)

where the mineral is composed of master species A4, with stoichiometric coefficients Sp.
In the case of microminerals, a simplification can be made, under the assumption that
the limiting factor in precipitation and dissolution is the concentration (activity) of the
microelement master species rather than that of any of the macrospecies with which it
is reacting. To put the saturation indices of microminerals on a comparable basis with
respect to the microelement, the relevant variable is the micro—saturation index (MSI):

Msi = L (52)

Sm

sm being the stoichiometric coefficient of the microelement. It is the MSI value that is
used to determine the most supersaturated and undersaturated microminerals.
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Equilibrating a micromineral leaves MSI= 0 and so results in a microelement activity
that is given by:

log A = 87! (log Kyp— Y splog An) . (53)
n#m
In the presence of microminerals, Eq. 50 is not solved for {Xfree } but the above solubility—
limited value for the activity of the free microelement ion is used instead. Eq. 50 is then
used to determine [X], the total amount of microelement left in solution. After that, MSI
values can be re-calculated to check whether any microminerals are still undersaturated
or supersaturated. If not then the speciation of the aqueous species can be calculated
from Eq. 45.
For PHREEQC users see note in section 4.2.

4.7 Cement Dissolution

The dissolution of the calcium hydrogen silicate (CSH) components of cements is diffi-
cult to model because of their variable composition and non-crystalline amorphous na-
ture which give rise to an incogruent dissolution. One method has been suggested by
Berner [31], in which CSH is represented by a non-ideal mixture of congruent compo-
nents, the identity and nature of which are determined by the Ca to Si ratio. In GRM, this
model for the CSH phase can be switched on by using the ICEM switch in the grm.dat
input file. With this option, CSH is modelled with two macrominerals, CaH,SiO4 and
Si0,. In order to simulate the dependence of the dissolution on the Ca:Si ratio (r), the
solubility products of these mineral phases are altered as the ratio changes. New solubil-
ity equilibrium constants, K,,, are calculated by the code and are passed to the PHREEQE
module.

Taking data from Ref. [32], if the amount of CaH,SiO4 present is zero, the log Kp
for SiO, is set at —2.71. Should the amount be greater than zero, then the following
equations are used:

1 0.861
logKcsg = —7.12 + (1 — ——) 0.79 4+ ————= (54)
T (r—1.2)
0.861
logKsio, = —1.994 + ( ) . (55)
r—1.2
The above equations are valid for 0 <7 < 1.~
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4.8 Kinetically-Controlled Mineral Precipitation and Dissolution

Macromineral dissolution is one of many non-equilibrium geochemical processes which oc-
cur in the environment. Chemical processes modelled in the majority of chemistry/transport
coupled codes are simulated using equilibrium thermodynamics. Doing so significantly re-
duces the complexity of such models. This can often be justified on the grounds that the
timescales involved are such that assuming that equilibrium has been established does
not introduce significant uncertainty.

Nevertheless, kinetics may prove to be an important consideration in some geochemical
and environmental simulations. For example, the dissolution of minerals such as calcite
and ferric oxyhydroxides can be important as they are both pH buffers. It does not seem
unreasonable to suppose that flow rates in a LLW environment may be of the order of
a few metres per day. Since the dissolution of minerals such as calcite may take several
days to reach equilibrium, it is plausible that dissolution kinetics could be important. A
facility for the modelling of dissolution kinetics has therefore been included in the GRM.

4.8.1 Modelling Dissolution Kinetics

Mathematical details of dissolution kinetics are omitted here, but are available in many
references. A good review can be found in Ref. [33].

Recognition of the fact that equilibrium thermodynamics may not be appropriate for
chemical modelling of some environmental situations has led to much investigation of the
kinetics of mineral dissolution?. Such work indicates that the following key features of
mineral dissolution should be modelled:

e the total dissolution rate depends upon whether the dissolution of the solid phase or
the transfer of dissolved species from near the solid surface to the bulk solution is
the rate determining step;

e no matter what the type of solid, the rate of dissolution is strongly related to how far
the bulk aqueous solution is from mineral saturation (the closer to mineral saturation,
the slower the rate); and, ‘

o the rate ‘constant’ is a function of the aqueous pH (particularly for silicates) and
also depends on factors such as crystal size and morphology [34].

124 good deal of this work applies to the kinetics of silicate weathering, which involves long term (thousands of years)
reactions that need not concern us here. Calcite dissolution has also been extensively studied. Its reaction rates are quite
fast and so lend themselves to study on a laboratory scale.
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For particular systems, some studies have modelled dissolution successfully by fitting
dissolution rates to empirical polynomials. However, these are specific to the experimental
conditions under consideration. No mechanistic information has as yet been gained which
could lead to predictions outside laboratory conditions.

More fundamental chemical studies have given rise to a Transition State theory, out-
lined by Helgeson et al [35], as the generally-accepted model'® of mineral dissolution-
precipitation kinetics. This is based upon a derivation from “first principles” of how
molecules associate and dissociate to form and dissolve solids. The theory has been par-
ticularly successful in deriving the pH dependence of rate constants for silicate dissolution.
Similar models have also been used in modelling the dissolution of nuclear—vitrified glass,
even though this is not a thermodynamically stable material [36].

A transition state model should really be derived from first principles for each mineral
separately since it requires a great deal of fundamental understanding of the molecular
level reactions for the mineral under consideration. Fortunately, the derivations have
tended to be similar in general format and suggest a general empirical rate law [37]:

Rate = Ak(Q™ — 1)", (56)

where m and n are constants, k is the rate constant, A is the surface area and {2 is
the saturation state of the mineral. The parameters A, k, m and n are measurable in
principle, but are rarely known. Thus, in the GRM code, the following generalized rate
equation is employed, with the user supplying constants for the minerals of interest:

Rate = k; ((1051)"2 — 1)k3

(57)
The saturation index, SI(= log ), appears instead of . This quantity is easily accessible
from the PHREEQE calculations (see Sec. 4.4).

A similar equation applies to the kinetics of mineral precipitation. We note that such
an equation has been used in the coupled transport and chemistry code PRECIP developed
by BGS in conjunction with the AEA [38]. Within PRECIP the transport and dissolution
steps are combined in a unified set of equations which are then directly solved. This is
a more rigorous approach than GRM which has a sequential modelling methodology. The
intimate coupling of transport and dissolution in PRECIP means that in situations where
dissolution kinetics are not appropriate, the code must still deal with such kinetics. The
modular nature of GRM means that kinetic dissolution calculations are optional.

13]¢ should be noted, however, that the same results have been obtained within other models.
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4.9 Surface Complexation

The PHREEQC chemical speciation module permits modelling of sorption processes by con-
sideration of surface sorbed species in the equilibrium thermodynamic model. This ap-
proach is distinct from the cation exchange process described in section Sec. 5.3 and
considers the electrostatic effects present at mineral surfaces. The double diffuse layer
model of electrostatic interaction (Dzombak and Morel) is included in the PHREEQC code.
PHREEQC allows multiple surface complexers , termed a ”surface assemblage”, to exist in
equilibrium with the aqueous phase. This phenomena is modelled by introducing a dummy
component %(F = Faraday’s constant, ¢ = potential at the surface, R = gas constant,
and T = temperature in Kelvin), into the mass action equation for each surface species to
represent electrostatic interaction in the surface double diffuse layer. A non-electrostatic
model is also included for surface complexation. In this model, the electrostatic term
is ignored in the mass-action expressions for surface complexes. In addition, no surface
charge balance or surface charge verses potential relation is used; only a mole-balance
equation is included for each surface site.

It should be noted that in PHREEQC, the distinction between micro/macroelements is no
longer made. All elements are included in the mass-action and speciation calculations for
the system including those involved in surface complexation. (For more details of surface
complexation modelling see the PHREEQC user guide [6] and references therein).
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5 Sorption

In an ideal, homogeneous, isotropic, saturated, porous medium, the transport of a non-
interacting solute is described by Eq. 2. Real media, however, are not inert and most
solutes will interact with the solid phase to some extent. These interactions will tend to
decrease the rate of solute transport relative to bulk water, giving rise to an observed
retardation. The mechanisms involved in such retardation are complex and will depend
not only on the chemistry of the solute and solid phase but also on the macro- and
micro-scale structure of the flow path. Such mechanisms include:

e diffusion into “dead-end” pores;

molecular filtration;

physical sorption;

ion-exchange;

mineralisation; and,
e precipitation.

In particular circumstances, only a few of these retardation processes may be significant.
For example, in a porous medium with large pores, and with a solute well below saturation,
only the physical sorption processes may need to be considered.

Two methods of modelling sorption are available within GRM. Firstly, one can introduce
kinetic terms for sorption and desorption into the transport module. This kinetic case

can be represented by:

aS

i a(KyC - S), (58)
where S and C represent the sorbed and solute concentrations respectively and « is a

rate constant. Alternatively, if these reactions are relatively fast, then one has:
S = K,C. (59)

If this instantaneous relationship is specified by the GRM user then sorption can be accom-
modated into the microelement speciation module described in Sec. 4.5.

While for simple systems (e.g., ion-exchange resins) K, values may be thermodynam-
ically based, the values used in transport models are generally a more empirical repre-
sentation of kinetically fast (see Sec. 5.3), concentration-independent, reversible sorption.
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Most radionuclide transport codes currently available are based on the K, concept. Many
of the numeric codes can incorporate Ky as a function of other parameters such as ra-
dionuclide concentration, pH, pe, and concentrations of major complexing ions. Within
GRM, K, values may be specified in either of two ways.

1. A different K; may be assigned to each transported species. Default sorption data is
provided for all the species of a given element. These values can then be overwritten
with specific data on a species by species basis.

2. A different Ky may be assigned to each transported element as an explicit function of
pH. The particular form of the pH dependence used within GRM version 4.1 is known
as the “Empirical Rise Function” model. It results in a K, of the form:

i
Kg= I——_f’ (60)
where: J
a —
f= T3 (—or/ar (CpH/o) +d (61)

and a, b, ¢ and d are parameters specified in the sorption input file grm.kds.

In both cases the rate constants « are defined for each transported species for which a
K is given. The GRM user is able to specify up to six different sets of sorption parameters
for each species. Within each finite difference cell, the user sets a flag in order to select
the parameter set used. This feature allows one to vary the sorption properties over the
modelled domain in order to reflect, for example, variations in the properties of the sorbing
media. A major assumption made in the sorption calculations is that the processes of
physical sorption, ion-exchange, surface complexation and mineralisation, are capable of
being characterized by a K4 value whilst the precipitation of a new phase is an independent
event.

5.1 Instantaneous Sorption

If this option is chosen then radionuclide sorption is accounted for by modifying the
microelement speciation calculations of Sec. 4.5. Consider first the effect of microelement
sorption onto the geomatrix. From Eq. 59, the sorption coefficient controls the ratio of
sorbed to dissolved material:

[Ysorb] . P_—Kd

— 62
D’faq} @ (62)
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where p and ¢ are the waste density and porosity respectively. One therefore has that:

u@mﬂz{nmw—+pad::(r+3§ﬁ)pad. (63)

Sorption onto colloidal material is treated similarly, the above equation being extended
to:

K,
Vi) = (1 255 4 5 R Y (64
t
where the sorption ratio for the ¢ th type of colloid is given (analogously to Eq. 63) by:
KM,
Ry = ———. 65
" Ve (65)

In the above equation:
e K is the sorption coefficient for the colloidal type;
e M, is the mass of the colloidal type; and,
e V... is the saturated volume of the waste in the region that contains the mass M,.

In order to account for sorption in determining microelement speciation, it is necessary
simply to make the following identification in Eqs. 44 to 50:

X]= [Xtotal] . (66)

5.2 Kinetic Sorption

If this option is chosen then sorption is decoupled from microelement speciation and
treated as a separate process. Species may be sorbed onto the geomatrix/waste, static
Fe(III) hydroxide or onto each of the three colloidal types. Sorption onto the geomatrix
is kinetically controlled while that onto the colloids and Fe(I1I) hydroxide is assumed to
be instantaneous.

Sorption onto the geomatrix/waste is simulated using the following equation:

gi_;% = Kgagm, — amg, (67)
where:
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e m; is the mass of the species under consideration that is sorbed onto the geoma-
trix/waste;

e KJ is a species—dependent distribution coefficient;
® (¢ is a rate constant;

p is the geomatrix/waste bulk density;

L}

¢ is the porosity; and,
e my is the species mass in the liquid phase.

Sorption onto the i th colloidal type is given by:
m; = K;%ml, (68)

where:
e m; is the mass of species sorbed onto colloids of type i;
e K} is the distribution coefficient for sorption onto colloids of type i;
e c; is the mass of colloids of type 7; and,
e V,, is the total solute volume.

Sorption onto Fe(III) hydroxide is similar to that for colloids, being given by:

my, (69)

where:
e my. is the mass of the species sorbed onto Fe(III) hydroxide;
e K is the distribution coefficient for sorption onto Fe(III) hydroxide!; and,

e My, is the total mass of Fe(III) hydroxide produced by corrosion.

14Note that in the current version of the code this is assumed to be the same as the distribution coefficient for sorption
onto the first colloidal type.
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The total species mass in the liquid and sorbed phases,

3
Mtot =1y + mg + Z m; + Miye, (70)

=]

is taken to be constant. Combining Egs. 68, 69 and 70 gives:

e Mje
my = (Mot — M) [1 + K Vf

5. ¢ -1 -
-+ Z KZIV—] = (Mtot - ms)r 1. , (71)

i=1
Using this relation in Eq. 67 gives a differential equation for m; only:
dm,  Kjop
dt ¢

(Mot — ms) — am, (72)

which has solution:
g

o ¢ ¢ ro

g 9,171 g
ms(t) = ms(0) exp [— (Kdap + oz) t} +M [1 + —I—(—‘ﬁz} (1 — exp [— (_K_'da_p + a) t]
73

The quantities m;, m; and mg, can then be calculated from Egs. 71, 68 and 69 respectively.
Note that kinetic sorption is modelled as a two step process, the first step occurring
just before the transport calculations during each transport timestep and the second step
occurring just afterwards. Thus the sorption timestep is set to half of the transport
timestep.
Both the PHREEQE and PHREEQC speciation models can be used to consider equilibrium
between aqueous species and ion-exchange sites on a solid surface/mineral.

5.3 Cation Exchange

As an alternative to the K approach, GRM has the ability to model cation exchange
processes using a thermodynamic treatment. Use of this method ensures that the cation
exchange reactions within GRM are mass balanced.

In the following description, we consider the example:

1 1
Na+ -+ '2*C&X2 = NaX + 5C&2+, (74)

where X is the ion-exchanger. The above equation is written in the Gaines-Thomas
convention and represents the exchange of Na® and Ca** on an ion-exchange site. This
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is a very common groundwater/soil/rock interaction reaction. In PHREEQE the equation
would have to be written as two half reactions:

Nat + X~ & NaX (75)
Ca?t + 2X~ = CaX,, (76)
with association constants: {NaX}
= Ty "
K, {CaX,} (78)

- {GaP XY
The problem with the representations in Eqs. 75 and 76 is that PHREEQE will poorly
evaluate the activity of the exchanged phases® (such as {NaX}).

The most popular treatment of exchange species activities uses the Gaines—Thomas
convention of Eq. 74 and assumes that the activity of the exchanger phases is equal to
their equivalent fractions. The equivalent fraction for a cation 7 is defined by:

meq;x meq;x
= = 79
b >jmeq;x  CEC (79)

where there are n ion-exchanged cations. Note that the second part of the above equation
defines the cation exchange capacity (CEC). The Gaines—-Thomas version of Eq. 77 is

therefore:
BNax (80)

K = R
T NaTHX)
The equivalent fraction is clearly dimensionless. However, PHREEQE expresses the activity

of the exchanger species in concentration units. The conversion is made from the following
relation:

{NaX} = faxCEC Z"Na, (81)

where:
e p is the solid phase density;
e ¢ is the porosity; and,

137This is because PHREEQE calculates the activity of neutral species based on the assumption that these species are in
solution, which ion-exchangers clearly are not.
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o Znx, is the charge on the cation, equal to 1 for Na*.

Most data on ion-exchange is presented for the Gaines-Thomas convention. Using the
above relation in Eq. 80, however, we can define a PHREEQE-usable constant:

CEC NaX
log Ky png = log Ky gT + log == = log "—L;r"‘}__’ (82)
¢ZNa {Na }{X }

A similar manipulation could be performed for the CaX; half reaction. More generally,
for a cation i, we have:

CECp {iXZ.}
log K pnq = Zi log K; 2P og i
0g K; phq = Zi log ,GT+log( o7, ) log 7 (X} (83)

where Z; is the charge of the cation 1.

5.3.1 Practical Input into PHREEQE

The most common application of ion-exchange is the simulation of a process whereby
an initial solution at equilibrium with respect to the ion-exchange phase is perturbed
by mixing with another solution. PHREEQE can be used to simulate the mixing with the
ingressing water. The presence of ion-exchange species in the total system solution will
mean that the full impact of cation exchange on the chemistry of the mixed solution will
be modelled.

The following steps are required in order to perform such a simulation:

1. formulate the ion-exchange half reactions of interest;

9 convert the Gaines—Thomas data to match the PHREEQE half cells, according to
Eq. 83;

3. place the data into the PHREEQE database;
4. determine the amount of cations in the ion-exchange phases;

5. perform an initial PHREEQE run with the ion-exchanged cations initially released into
solution (this calculates the correct distribution of exchanged to free cations in the
equilibrium solution); and,

6. mix this solution with the ingressing solution as required.
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Formulate Reactions

Experimental ion-exchange data is predominantly presented in the Gaines-Thomas con-
vention format with the reactions expressed similarly to Eq. 74. There is never any explicit
reference to the exchanger X~. The reason for this is simply that the amount of free X~
tends to be so small as to be unmeasurable in practical terms.

Appelo and Postma [33] outline the general resolution of this problem, as adopted
by most modellers. They suggest making the association constant for one of the half-
cells, say that for NaX, arbitrarily high (K = 1 x 10%° for instance). This results in
an insignificantly small amount of X~ present in solution at equilibrium. It also has the
advantage that the X~ species concentration is so small that the ionic strength calculation
in PHREEQE is not affected. All the available Gaines—Thomas reactions can be manipulated
with respect to the arbitrary NaX half reaction to give the half reaction constants of each
of the other ion-exchanged cations. The effective Gaines—-Thomas exchange constants
remain unchanged. All that is assumed is that the amount of free X~ is very small. This
seems practical as all exchange sites will in reality be covered by cations at all times.

Initial Exchanger Distribution

To run a problem where a system at equilibrium with respect to the ion-exchange phase is
perturbed by changing chemistry, we need to determine the initial amount of all cations in
the exchanged phases. This is necessary because when the incoming solution mixes with
the initial solution, unless we have explicitly represented the mass of ion-exchange phases,
the buffering caused by ion-exchange will not be taken into account. Thus, we require a
description of the initial state of the total system of solution and exchanger phases. This
could be attained through either of the following methods.

1. Appelo and Postma [33] explain how to formulate an exact analytical solution for the
amounts of cations on exchange sites, in their Ezample 5.4. This uses the fact that
all of the ion-exchange constants are known by this stage, and that all the exchange
reactions may be expressed as a function of one reaction only (in our example NaX).
A quadratic equation is solved for NaX and the results can then be back-substituted
to determine the amounts of other cations on exchanger sites.

The total system cation concentrations are then calculated from:

{i}total = {iX}exchange + {i}solution- (84)
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PHREEQE is then run with these system cation concentrations, and with the CEC
represented by the value of X~ through the relation:

_ pCEC
{X }real = (85)
¢
The run will produce a total system description, with aqueous phase species and
ion-exchanged phases present as “apparent” solution species!®.

9. In this method, PHREEQE is run (with the calculated exchange constants in the
database) simply to calculate speciation of the equilibrated water, but with a very
small quantity of exchanger ion X~ added to the solution. This quantity should be
so small that it does not affect the chemistry of the solution.

The results will have very small predicted quantities of the exchangers present in
solution, such as NaX and CaX,. What is wanted is not so much the absolute values
of the exchanged species, but the relative amounts present. Hence, the molarity of
each exchanged species can be scaled up to:

{ix}real = “}%{ix}nom, (86)

where:

e {iX}eal is the required solution concentration of the exchanger;
e {iX}nom is the nominal concentration in the PHREEQE run with very low X7;
e {X }nom is the very low value of X~ used in this PHREEQE run; and,

e {X" }eal is the total amount of exchangeable sites.
From this point onwards, the second method is identical to the first.

The second method is actually used in the PHREEQM program [33] and is the method
used in GRM.

NOTE: For calculation of ion exchange speciation via PHREEQC, the user
is referred to the PHREEQC user guide [6].

16 A5 a check, the resulting solution should have the same species aqueous concentrations as the initial solution, only with
added ion-exchange species.
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6 Gaseous Physico-chemical Processes

6.1 Overview of Gas Transport

Gas production from waste repositories can be separated into two distinct processes:
generation by the wasteform and gas migration to the surface. These processes are clearly
dependent on the depth of the repository. Deeper structures are characterized by a greater
degree of gas tightness, either by engineering design or natural impermeability of the host
media or both. In general this leads to larger overpressures in the deep repositories
(typically 10 to 100 bar) whilst shallow or surface burial gives rise to overpressures of
only a few millibar. ,

Gases may be formed in LLW sites owing to radioactive decay (e.g., of radium to
radon), the corrosion of metals, the microbial degradation of organic materials and the
radiolytic decomposition of water and organic materials. Radiolytic gas production is
considered to be negligible in LLW sites [39] and is therefore not modelled. Production
of 1*C and 3H labelled gases is simply estimated from the *C:C and 3H:H ratios of the
waste. The gases evolved will depend on the initial substrates but are typically: water
vapour, radon, oxygen, nitrogen, carbon dioxide, hydrogen, hydrogen sulphide, methane
and ammonia.

Although gas transport models employing the advective-diffusion equation have given
good agreement with observations [11, 40], the complexity of such models and the re-
quirements for high—quality, site-specific data makes them unsuitable for use in the
GRM. Simpler gas transport models are also available in the literature (see for example
Refs. [42, 43, 44]) and aspects of some of these have been incorporated into the GRM
approach.

6.2 Gas Migration to the Surface

The procedure for handling gas migration within GRM is limited to conditions of incom-
pressible gas flow. The gases produced are assumed not to be significantly transported
with the groundwater and to make their escape to the atmosphere within the vicinity of
their point of production. Thus, the gas generated within a particular cell escapes to the
atmosphere from that same cell.

A three-reservoir model is used to represent the saturated zone of a cell, the cell
headspace and the atmosphere. The unsaturated zone porevolume provides the cell
headspace. Rates of exchange between the saturated zone and the headspace reservoir are
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assumed to be fast with respect to the generation rates. Waste in the saturated zone is
assumed to dominate gas production, with evolution and consumption along the transport
pathways being taken to be negligible. Following Ref. [39], the displacement of porewater
through ebulition (bubble flow) is assumed to be the dominant gas transport process in
the saturated zone. Thus, gas flows between the saturated zone and the headspace reser-
voir are likely to be vertical owing to buoyancy and therefore the sweeping along of gases
by the groundwater is likely to have only a small effect.

Gas transport in the unsaturated region of a shallow burial site is simplified in the GRM
to a one-dimensional vertical flow through the headspace. A meaningful three-dimensional
flow model would require detailed modelling of the horizontal resistances, necessitating
a good deal of site data. Such information is unlikely to be available, and any pathway
modelling is liable to be site specific. Therefore, in the general purpose GRM code, a one-
dimensional model is appropriate. The approach should at least be sufficient to track the
gross in— and out—flows.

Within the GRM approach, the atmospheric and headspace reservoirs are separated
by a cap through which the gas can flow. In reality of course, a network of transport
pathways will exist, both engineered (drains, soakaways, standpipes etc.) and intrinsic
(soil fissures, root penetrations, geotextile ruptures etc.). Under some conditions, another
significant influence could be atmospheric pumping (site breathing) [43]. Central to the
modelling of atmospheric release is the concept of a cap permeability. At its simplest the
cap permeability coeflicient, K, can be defined by the Darcy flow equation:

Vdp _ KA(p-pa)

p di = ul = —Ki(p — pa), (87)
where:
e p is the headspace gas pressure;
e p, is the local atmospheric pressure;
e V is the cell void volume (the headspace);
e K is the permeability;
e 1 is the viscosity coefficient;
e A is the effective cross-sectional area; and,
e L is the effective thickness of the cover.
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The parameter K, is more readily determined in the field than K (data was published,
for example, in Ref. [44]).
Taking account of the gas production rate in the saturated zone, the headspace pressure
is described by making a simple modification to Eq. 87:
Vdp
2 = _K(p-— . 88
7 1(p—pa) +Q (88)
Assuming the production rate, @, to be constant over the course of a microbial timestep,
then Eq. 88 is easily integrated to give:

P=Dpo (pﬁ%) {pa+( a~po+%) exp (__@_5‘;_@)25)}—17 (89)

where pg is the headspace pressure at the start of the microbial timestep. Once the gas
pressure has been found, the number of moles of gas supportable at the calculated pressure
is determined from the ideal gas equation. Should the number of moles of gas exceed the
supportable number then the excess is vented to the atmosphere in such a way that the
proportions of each component gas in the headspace are maintained. On the other hand,
if the number of moles of gas present is too small for the headspace pressure then the
appropriate quantity of air is drawn in from the atmosphere!’. In doing so, the carbon 14
fraction in COs is updated under the assumption that atmospheric CO, does not contain
this isotope.

6.3 Optional Treatment for Hydrogen

Large volumes of hydrogen may be produced in a LLW site due to metal corrosion. These
large volumes are not always measured in the field. Thus, if the migration of H, is treated
identically to that of other gases, it is possible that the large volumes evolved in the code
may purge the other gases out of the system. If headspace CO, levels become negligible
for this reason then the pH levels could be distorted. On the basis that Hs is a light
gas with high diffusivity, an option is provided for any gaseous Hy produced to be short—
circuited out of the model, therefore having no further impact on physico- or bio-chemical
processes.

17The atmospheric composition is defined by the GRM user through data in the grm.bug file.
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6.4 Solubility of Gases

The bulk gases considered within GRM (CO,, Oy, CHy, Na, NH;, H,S, Hy) are split into
three groups according to their solubilities and chemistries’®. CO,, NH; and H,S are
treated as soluble in the groundwater; O,, CHy and N, are optionally soluble and H, is
treated as totally insoluble.

The solubility of CO,, NH;3 and H,S in groundwater is important as these gases actually
form a variety of species in the groundwater. Henry’s law is used to partition the CO2,NH;
and H,S between the gaseous and aqueous phases. O, is less soluble in water and does
not form chemical species. It is used up by corrosion of iron and by aerobic bacteria, but
is only available from the atmosphere and is not evolved from the groundwater. Since
O, diffuses more slowly from the gas into the liquid phases than CO, and H,S under
non-turbulent conditions, the equilibration of O, between the gas and liquid phases has
been made optional in the GRM code (it is controlled by the 02SW flag in the grm.bug file).
CH,4 and N, may also be considered soluble if the switches CH4SW and N2SW are set in
grm.bug. H, is a relatively insoluble gas and is always considered to be totally insoluble
within GRM.

The above classification is supported by the data in the following table, which lists
example equilibrium constants for use in the code. Data for CO, HyS, O, and Hy was
obtained from the NEA12 thermodynamic database [10] whereas data for CHy was derived
from [9]. N, and NHj(g) data was derived from a combination of both of these data sources.
Data in the following table was calculated for standard temperature and pressure.

Gas | Gas Solubility Constant | Enthalpy of Formation Equilibrium equation
log K AH (kcalmol™1)
CO, -18.15 0.79 H,0 + COy) = CO;™+ 2HY
H,S —7.98 20.76 H,S) =HS™ + H*
NH; 11.01 —20.64 NH3(g)+H+ %‘-’NH4+(aq)
O, —2.96 —1.84 O2g) =02(aq)
H, -3.15 —1.76 Hyg) = Ha(aq)
CH,4 —2.86 —3.40 CH4(g) =CHy(aq)
Ny -3.08 —1.54 Ny(g) = Nagag)

Table 1: Gas solubilities in water.

187vitiated water vapour and 222Rn gas are also included in the code.
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6.5 Partitioning of Soluble Gases

The partitioning of soluble gases between the groundwater and the headspace is performed
by the GRM code as a distinct procedure, independently of the chemical speciation. Indeed,
the partitioning of each soluble gas is treated as being independent of the partitioning of
all other soluble gases. The procedure followed is outlined below, the calculations being
performed each microbial timestep. The procedure is subject to the following assumptions:

1. the aqueous phase is in equilibrium with the headspace gases;

2. there is perfect mixing between the gases;

3. perfect mixing occurs in the aqueous phase;

4. the headspace gas has constant pressure during the partitioning process;
5

. the pH is constant and is not immediately affected by the partitioning process (see
Sec. 6.7 however);

&

other gases are assumed to be constant over the calculation, even other soluble gases;

7. the soluble species used in the partitioning calculation for carbon dioxide are CO3™,
HCOj3 and H,COj;

8. the soluble species used in the partitioning calculation for hydrogen sulphide are H,S,
S%~ and HS™; and

9. the soluble species used in the partitioning calculation for ammonia are NH,%,
NH4CLNH4NO3, NH,SO,4~.

Of course, much of the credibility of the above assumptions rests on the claim that there
are small changes in the number of moles of each gas in each phase over the course of a
single microbial timestep.

Consider for example the partitioning of carbon dioxide. From Dalton’s law of partial
pressure:

P,
{C0u} = 22 (90)

where P denotes partial pressure, R is the gas constant and 7" is the absolute temperature.
The following thermodynamic equation applies to the equilibrium of carbon dioxide:

HyO + COqg) = CO;™ + 2HY, log K = —18.15 + FPo,. (91)
2
1
Orig JG+ 06/2003 AP AP ISSUE 2
By Date Chkd. Appr. Description of Issue or Revision

BNFL] 5896D (Rev 11/84)



’ . Project Number
B N FL Program User s\(,}ulfie fzrlthe Code GRM, 00/EN0127/7/1
ersion 4. Page 63 of 247

The corresponding equilibrium constant!® is:
{CO;” H{H'}?
Kco, = :
{H20}{COxg)}

where {H,O} is the activity of water, which is determined within PHREEQE. It is equal to
1 for dilute aqueous solutions. Using Dalton’s law, Eq. 92 can be rewritten as:

Kco,Pco, _ {CO5 HHT}?

RT {H,0} ’

The activities are related to the concentrations through activity coefficients, as in Eq. 46.
Now, letting the total number of moles of CO, be T¢o,, the number of moles of CO, gas

be Gco, and the number of moles of all other gases be Gco, then Eq. 93 can be expressed
as:

(92)

(93)

CGCOQ
————=— =T00, — Gco., (94)
Geo, + Geo, ’ ’
where ¢ is a known constant. Rearranging leads to:
G%o, + Goo,(c+ Geo, + Too,) — Tco,Geo, = 0. (95)

This is a quadratic for Ggo,, with one positive and one negative root. Taking the former,
one can determine the updated partial pressure for carbon dioxide and then, from Eq. 93,
the activity for the aqueous ion is deduced.

Other important dissolved species of carbon dioxide are HCO; and H,CO;. The
thermodynamic equations associated with each of these species are:

HQO + COg(g) = HzCOg, lOgK = -147+ P002 (96)
H* + COZ~ = HCO;, logK =10.33 (97)
9H' + COZ™ < H,CO;,  log K = 16.68, (98)

where Eq. 98 follows from Eqgs. 91 and 96. By definition, equilibrium constants for Egs. 97
and 98 are given by:
K _ {HCO3}
HEOs T {HHH{CO05
K _ {H,CO;}
SRUDRC S

19which is temperature corrected in the code.

(99)

(100)
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and from these equations, the activities of the other dissolved species can be evaluated.
It should be noted that the solubility products for the dissolved bulk gases CO,, O,
H,S, No, NH; and CHy are temperature corrected using the Van’t Hoff equation:

CAHC /11
log K (T = 208) ~ log K(T) = ==~ (ﬁ _ ?> , (101)

where:
e temperatures are expressed on the Kelvin scale;
e K(T) is the solubility product/equilibrium constant at temperature 7
e AH? is the reaction enthalpy constant; and,

e R is the gas constant.

Relevant values for AH; and log K(T' = 298) are taken either from the PHREEQE
database or else from data supplied in the input file grm.bug.

6.6 Partitioning of Radioactive Gases

These gases are partitioned using slightly different methods to that of the previous section.
Ref. [41] states that the mole fraction solubility (MFS, the number of moles per mole of
water) of ?Rn is given by the following expression:

13002.6

+ 35.0047 In (—-:-F—-ﬂ , (102)

MFS = [~ 5481
exp | —90.5481 + 100

at a *?Rn gas partial pressure of 1 atm. From this, the number of moles of 22Rn in the
liquid phase is:
Trogy — Gogy = NVi(MFS) Pong,

G:
= NV;(MFS) ( = +% ) , (103)
22Rn ?Rn

where N is the number of moles of water per unit volume (55.556 per litre) and V] is the
liquid volume. Apart from the specification of the constant, the above equation is of the
same form as Eq. 94.
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In the case of Tritium, it is assumed that in a tritiated water molecule only one of the
hydrogen atoms is tritium. Assuming f (the fraction of tritiated water molecules)is the
same in both the saturated and the unsaturated zones, then f is given by:

-1

273.15V,
_—“—iPHzo ’ (104)

— T NV
f=Tg | VWit =55

 where Py,o is the partial pressure of water vapour, V, is the headspace volume and
N, is the volume occupied by 1 mole of gas at 0°C (0.022414 m®). The first term in
square brackets considers the water in the saturated phase and the second term takes the
headspace water vapour into account.
The number of tritium moles in the gaseous phase is then just:

6.7 Equilibrating Gases at Chemical Speciation

The methods described above are used to partition the gases between the liquid and
gaseous phases at each microbial timestep. A constant pH was assumed in performing the
partitioning calculations. However, the pH will in fact depend on the partitioning of gases
that are chemically active when dissolved; in particular on carbon dioxide and hydrogen
sulphide. This may result in problems if the frequency of speciation calculations is much
slower than that of microbial calculations?®. To avoid such problems, the speciation
calculations performed by PHREEQE have been modified.

Pseudo species for the chemically active gases CO,,NH; and H,S are introduced into the
PHREEQE database. When modelling the equilibration of gases with water, the standard
PHREEQE assumes an open system with a constant gaseous partial pressure. Gases are
dealt with in the ‘mineral’ part of the calculations since they are in a different phase
to the liquid. The logarithm of the partial pressure replaces the equilibrium saturation
index in defining an equilibrium with the liquid. In the case of CO4 Eq. 91 is used within
the ‘mineral’ part of PHREEQE. From Eq. 93, one can define a corresponding equilibrium
constant Kg;s as:

o _ Koo, _ {COSMHY
4= "RT ~  {H,0}Pcoz

201 particular, in some situations it was found that the variation of pH from speciation to speciation fluctuated greatly
because of the disconnect between the equilibrium of carbon dioxide and the pH of the solution.

(106)
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If the atmosphere were to be pure CO, gas then Ky would equal to the ion activity
product (cf. Sec. 4.4). In the GRM however, each cell of the model domain represents a
system where the partial pressure of a headspace gas can change in response to gaseous
evolution and dissolution. To reflect this point a known number of moles of soluble gas
is equilibrated with the saturated zone during the PHREEQE speciation. This is achieved
by adjusting the equilibrium constant used by PHREEQE, as explained below. Advantages
of the method are that the partial pressure of the gas can be varied during equilibration
and that other soluble gases (such as H,S) can be coupled in the same manner. The main
assumption is that the total number of moles of gas in the headspace is constant during
equilibration, which is approximately true if:

e the headspace volume is very much greater than the liquid volume within a zone;
and/or,

e the gas is very near to equilibrium in the first place.

The pseudo species CO2GAS is added into the PHREEQE database via its association
equation (the reverse of Eq. 91), which has an equilibrium constant:

1 {Hy0}Pco,

Koss = o = CoEe (107)
Thus: (H,0) o
ass - 2 CO2
v (Gco, +Geo,) = (OO I )2 ( v > (108)

The above equation is used to define the equilibrium constant for the pseudo species

CO2GAS: B
log Kcoacas = log Kass + log(Geo, + Geo,) — log V. (109)

The equilibrium constant is therefore adjusted to take account of the total number of
moles of gas in the headspace and the liquid volume in the cell being modelled.

A simple change had to be made to the PHREEQE code to take account of these gas
pseudo species. The activity of water is determined as a function of the sum of all
the species concentrations in solution. The pseudo species must not be included in this
calculation as they represent the gaseous phase and are not really present in the water.

NOTE: With the PHREEQC option gas composition can be set by mineral
phases, but this cannot be coupled to gas production, or consumption by
corrosion or microbiological processes.
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7 Modelling of Redox processes

Redox reactions as a whole are important to hydrogeochemical processes. A plot of the
redox status, pe (or Eh) and the pH (Pourbaix diagram) can realistically portray the sol-
ubility of many mineral phases and the occurrence of geochemical species in groundwater
under thermodynamic equilibrium.

Although the theoretical redox behaviour of inorganic groundwater constituents is well
defined, the measurements and estimates of redox conditions in natural systems often
reflect disequilibrium conditions. A good example of this is demonstrated by the pe
values measured between a platinum and reference electrode for the Borden aquifer by
Nicholson et al. [45] and the corresponding analytic values calculated from the measured
concentrations of various redox couples.

In general, therefore, the use of a unique pe in a groundwater system would not be
realistic. However, the speciations within GRM (see Sec. 4) require a definite pe to be
specified in order to determine the microelement oxidation states. The imposition of a
fixed pe throughout a model run is not acceptable, since this would not represent the cycle
of oxidising, reducing and oxidising conditions likely to be encountered in LLW disposal
sites.

This problem is resolved within GRM by identifying the major redox active elements,
and taking the redox reactions of these elements out of the control of PHREEQE. The redox
active elements identified within GRM and the species that have been separated within the
PHREEQE database are listed in Table 2 below, the individual species representing the two
halves of the redox couple for that element(NOTE: There is an option to disable the first
and/or second redox couples).

Element Species
Oxidised | Reduced
Oxygen O, H,O
Nitrogen | NO3 No
Iron Fe3+ Fe?*
Sulphur SO;™ H,S
Carbon CO, CHy4

Table 2: Redox active elements and species.

The pe within each cell is calculated during each speciation step from the relative pro-
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portions of these two halves of the most oxidising redox couple present. For this purpose
the corresponding Nernst equation for the couple is used. The relative proportions of each
couple will change due to factors such as groundwater ingress, microbial metabolism and
chemical reactions. The pe thus determined is effectively not used for the macrospecies
since their member elements with multiple oxidation states are prevented from taking
part in redox reactions by defining them as master species. However, the dominant pe
is explicitly used to determine the relevant oxidation state of microspecies, which are
assumed to be in equilibrium with the dominant redox couple.

7.1 Microbial Mediation of Redox Reactions

Microorganisms can play an important role in determining the redox status of an envi-
ronment by acting as catalysts in oxidation-reduction reactions. In this role, microorgan-
isms take advantage of thermodynamic disequilibria, which result in oxidised and reduced
species being present simultaneously. By catalysing the transfer of electrons from reduced
to oxidised compounds, microorganisms generate the energy to support their growth. Such
processes usually involve the oxidation of organic compounds, such as glucose, and the
reduction of inorganic compounds, such as molecular oxygen and nitrate. However, both
the electron donor and acceptor can be inorganic, the oxidation of elemental sulphur and
sulphide to sulphate using molecular oxygen being a classic example.

The amount of energy available from the transfer of an electron depends on the oxi-
dation states of the electron donor and acceptor involved. The more oxidised the donor
and the more reduced the acceptor, the greater the energy yield per transfer. In an en-
vironment where more than one electron acceptor is present, thermodynamics dictates
that an electron donor will always preferentially donate to the most oxidised acceptor
present. Once the most energetically favourable acceptor has been exhausted, the next
most favourable acceptor will then be utilised. In reality, environments where all the re-
quired bacteria and all the range of electron acceptors are present are rare, if they exist at
all, but the sequential use of electron acceptors (and the associated changes in ambient pe)
has been observed, some of the best examples being gradients within aquatic sediments.

There are a large number of biologically-mediated redox reactions which could occur
in the environment [46]. Only a subset of these are included within the GRM. The redox
reaction pathways incorporated are listed below in order of their strengths as oxidants.

1. 02 s HQO
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3. Fe(III) — Fe(II)
4. SO} — HS™
5. CO, — CH; (methane production)

6. Reduction of organic matter (fermentation)

Note that the couples Mn(IV)oxide — Mn(II) and NO3 — NHj are not included at
present and are assumed to be insignificant.

7.2 Calculation of the Ambient pe

It is assumed that the most oxidising couple present defines the pe of the solution. This
is calculated from the appropriate Nernst equation, the equations used being outlined
below. Equilibrium constants (K) for the equations were calculated for a temperature of
10°C.

1. OQ — HQOZ
Under aerobic conditions the amount of oxygen dissolved in solution is 2.3 x 10™* moll~".
Oxygen is definitely limited when it is more than 1000 times less than the aerobic
value. Therefore, the oxygen couple is considered dominant if the dissolved oxygen
concentration is greater than 1 x 1077 moll™*.

When Oy — H,O is the dominant couple, the pe is derived from the equations:

1 1
ZOz(g) + H+ +e = ‘Q“HQO (110)

[H0]2
Ko, = ——2 111
% = O FE e | (y
Taking [H,O] = 1.0 then:

1
pe = log Ko, — pH + 1 log[O2], (112)

where log Ko, = 22.81 from Ref. [10].
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2. NO3 — Ny(g):

Nitrate becomes the dominant couple when oxygen is limited and the NO3 concen-
tration is greater than 1 x 10~® moll=!. This value has been chosen because sulphate
reducing microbes are inhibited [47] above this concentration.

When NOj — Nj(g) is the dominant couple, the equations used to calculate the pe
are:

1. 6 _ 1 3
6 1 _
= pe = log K- /N, — ng + 5log[NO3 I, (114)

where log Kyo-/n, = 22.22, using data from Refs. [9, 10]. In writing Eq. 114 it
is assumed that the partial pressure of nitrogen is 1.0. This is likely to be a good
approximation under most circumstances, but-the partial pressure may be lowered
if large quantities of other gases are produced by waste degradation.

Fe(III) /Fe(II):

Iron(III) is likely to be present mainly in the form of solid Fe(OH)s. The iron couple
is used as the dominant couple when the nitrate couple cannot be used and the total
amount of iron(III) present, including Fe(OH)s, is greater than 1 x 107% moll™* of
porewater. The limiting concentration has been set arbitrarily.

There is a choice of equation to determine the pe depending on whether FeCOj solid
is present or not. If the FeCOs solid concentration is less than 1 x 107° moll™?, then
the pe is determined from:

Fe(OH), + 3H' + e~ — Fe’* + 3H,0 ' (115)
= pe = 19.75 — log[Fe**] — 3pH. (116)
Otherwise, the pe is determined from:
Fe(OH), + 2H* + HCO3 + e~ — FeCOs(s) + 3H,0 (117)
= pe = 19.93 — 2pH + log[HCO; ]. (118)

The log K values for both of these cases have been determined from data in Refs. [10,
48].
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4. SOZ—/HQS

The next couple to be considered is the sulphate/sulphide couple which becomes
important when any iron(III) present has been fully reduced to iron(II) and sulphate
is present in reasonable quantities (greater than 1 x 107% moll™").

The equations used to calculate the pe are:

SO?™ + 10H' + 8¢~ — H,S(aq) + 4H,0 (119)

1 1, [S0%7] 10
=pe=-logK + -1 41
pe=7glogft T3l gl ~ g P

where % log K = 5.39 from Ref. [10].

(120)

Methane production:

This couple can be used if the level of methane produced within the last timestep
is above 1 x 1076 moll~!. Methane is formed from organotrophic or He-consuming
reactions. The Ho-consuming reaction is:

%COz(g) +H " +e” — %CH4(g) + %HZO, (121)
while the organotrophic reaction is made up from the following two half-reactions:
CH3COOH + 2H,0 — 2COy(g) + 8H™ + 8¢~ (122)
COs(g) + 8¢~ + 8H™ — CHy(g) + 2H,0, (123)
giving:
CH3COOH — CHy(g) + CO2(g). (124)
Thus the equation used to calculate pe from methane production is:
pe = 3.16 — pH, (125)

the log K value coming from data given in Ref. [10]. Note that in writing Eq. 125,
the partial pressures of carbon dioxide and methane have been ignored. This is
equivalent to the case where the partial pressures of these gases are identical and
should be a good approximation if the pressures are similar whenever this couple is
dominant. Thus, for this couple the pe is totally dependent on the pH of the solution.
Since methanogens are really only active in near—neutral conditions the pe should be
between about —3.13 and —5.13.
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. Fermentation:

The fermentation of glucose to acetic acid is here taken to be representative of all
fermentation reactions within GRM. This is because cellulose, which is a polymer of
glucose, is likely to be the dominant, degradable organic material in LLW disposal
sites. The equation for this fermentation is:

CsHuOG -+ 4HQO —> CchOOH -+ 8H2 + 4C02 (126)

In this incomplete oxidation reaction only two thirds of the glucose is used in the
oxidation step of CO, production, the other third being used in the production of
acetic acid. Thus, the reaction to define pe is:

1 1 1
ﬁCGHmO(S -+ ZHQO —) ZCOg(g) +H" +e (127)

= pe = —log K — pH, (128)

where log K = 0.2 from Ref. [9]. This couple has a very low pe value (about —7.2 at
neutral pH), much lower than that predicted for the methanogenesis couple. However,
observations have indeed been made [49, 50] where pe dips down to about —8.0 as
acid fermentation builds up and then when methanogenesis sets in the pe rises to
about —4.0.

In writing the Eq. 128, the partial pressure of carbon dioxide and the concentration
of glucose have been ignored. Thus, it is assumed that the following quantity is
small:

1

4
Lowering the partial pressure of carbon dioxide would result in an even lower pe,
whilst a reduction in the glucose concentration would produce higher pe values. The
assumption is convenient since it is unclear how the glucose concentration would be
defined and because the implementation of Eq. 128 provides a useful representation
of highly reduced conditions. From the Ref. [9] data, the couple as given in Eq. 128
is a little below the stability limit of water. An alternative would be to use that
stability limit as the lowest redox couple. This would lead to similar results to those
currently obtained with the fermentation couple.

1
log Pco, — 24 log[CsH1206]. (129)

No dominant couple:
The fermentation couple is only used if the acetic acid concentration is at least
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1 x 10~% moll~!. Should this not be the case, and no dominant pe has been identified
then the pe is left unaltered from its previous value.

Note that if the microbial pe determination route is not selected for use, but pe calcu-
lations are still required, then these can be performed through PHREEQE. To improve the
speed at which PHREEQE converges on a pe, a starting value is provided by considering the
0O, — H,0, Fe(II1)/Fe(I1) and SO3™/H,S couples.
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8.1

8 Microbiology

Introduction

Microorganisms are ubiquitous in all natural environments and are involved in a wide
variety of processes which may impact on radionuclide migration from LLW disposal
sites. These include:

the reduction of waste volume, which may have a detrimental effect on cap integrity;

the production or degradation of organic complexants, which enhance the mobility
of radionuclides;

changes to the ambient pH and pe through the degradation of organic and inorganic
compounds and the production of acidic by-products;

the production of gaseous end prbducts including CO4, CHy, Hy and H,S, which may
be labelled with radioactive isotopes;

the inethylation of radionuclides to gaseous products;

the generation of particulate material which may act as a host to contaminant trans-
port;

the direct uptake and transport of radionuclides;
the clogging of drains and blocking-off of pores in engineered barriers; and,

microbial induced corrosion of metallic waste and engineered components.

In the GRM model, the main impact of microorganisms is through the effects of mi-
crobial metabolism on site chemistry, in particular on the ambient pe and pH. Including
microbiology also enables modelling of CO, CHy, Hy and H,S generation, which can be
converted into values for radiolabelled gases through knowledge of the relevant 3H and
'C inventories. In addition, GRM models the removal of organic LLW components, which
causes volume reduction of the waste. The omission from the code of the other processes
outlined above is not intended to imply that these do not occur in LLW sites. Rather,
there is considered to be insufficient data on their impact to warrant their inclusion at

this time.
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8.2 Fundamental Assumptions Regarding Microbiology

There are a number of fundamental assumptions inherent in the manner microbiology is
represented in GRM. These are outlined below.

e Microbial activity is only modelled in the saturated zone; no microbial activity (ex-
cept hydrolysis) is modelled in the unsaturated zone. Note however, that the inclu-
sion of unsaturated zone microbial activity can be factored in by including data from
microbially—active lysimeter studies.

e The transport of microbes by groundwater flow is not modelled.
e The major mode of microbial growth is in the form of attached biomass.
e Heat generation by microbial activity is neglected.

e No bacterial population ever completely dies out. (This allows all microbial pathways
to be active in the code whenever the correct conditions apply.)

8.3 Microbial Populations and Pathways

Eight microbial groups, carrying out a range of processes, are currently represented within
GRM. The processes are not intended to be an exhaustive list of microbial metabolism
within LLW disposal sites, but are intended to represent the major significant path-
ways. The groups included are approximately the same as those included in the GAMMON
model [51, 52] with the addition of iron reducing bacteria. The processes modelled only
oceur if the relevant electron acceptors and electron donors are present. Simplifications
are also introduced into GRM by considering only one bacterial “population” to be respon-
sible for each process. This population is split into a neutraphilic and a alkaliphilic?!
component, the latter describing microbes which are optimally active under extreme al-
kaline conditions at pH values larger than about 8 [53]. In reality, of course, a whole
spectrum of bacterial species would be competing for each substrate. The GRM user is
able to switch off any microbial pathway by setting the relevant substrate removal rate
to zero. The groups are outlined below.

1. Aerobic metabolism
These microbes consume oxygen as the terminal electron acceptor and organic com-
pounds as electron donors. The range of possible electron donors includes:

21The term alkaliphilic can sometimes be found spelt as alkalophilic. In this report, we have followed the convention of
Ref. [53].
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e cellulose hydrolysis products;
e volatile fatty acids;
e free fatty acids;
e acetic acid;
e peptides; and,
e glycerol.
2. Denitrification
Two groups of denitrifying bacteria can be modelled. These bacteria consume nitrate
as the electron acceptor and organic compounds or hydrogen as the electron donors.
The user is able to choose whether these bacteria are able to consume hydrolysis
products, or whether they consume fermentation products only.
3. Fermentation
These bacteria can consume glucose, peptides and glycerol. Fermentation of glucose
generates short—chain carboxylic acid, carbon dioxide and hydrogen. Peptide and
glycerol fermentation are treated similarly, except that a mixture of acetic acid and
short—chain carboxylic acids is produced, the exact proportions being determined by
the GRM user.
4. Iron Reduction
These bacteria consume ferric iron as a terminal electron acceptor and fermentation
end products and hydrogen as electron donors.
5. Sulphate Reduction
Two types of sulphate reducing bacteria are modelled. Sulphate is consumed as an
electron acceptor. Fermentation end products are consumed as electron donors by
one type of bacteria, while the other type utilises hydrogen.
6. Acetogenesis
These bacteria oxidise long—chain volatile fatty acids to acetic acids and hydrogen.
7. Methanogenesis
Two types of methanogens are modelled. The first produces methane from the
metabolism of acetic acid. The second consumes hydrogen and carbon dioxide in
order to generate methane.
2
1
Orig JG+ 06/2003 AP AP ISSUE 2
By Date Chkd. Appr. Description of Issue or Revision

BNFL | 5896D (Rev 11/84)




Project Numb
B N FL Program User’s Guide for the Code GRM, O(;?JEISIOIZU;;Y%
Version 4.1 Page 77 of 247

8. Reoxidation
These bacteria oxidise inorganic substrates (iron (II), sulphides and pyrite), using ni-
trate and oxygen as the electron acceptors. Another type oxidise dissolved ammonia
species using oxygen only.

The two primary substrates for GRM microbiology are organic polymeric substrates
and hydrogen. The former are assumed to be part of the original inventory and to be
dominated by cellulose. Proteins are an exception since they may act as a substrate and
yet may be produced as a result of recycling of dead biomass. Hydrogen is produced by the
anaerobic corrosion of metallic waste components and from the fermentation of organic
compounds. The polymeric organics are subdivided into three rough groups: cellulose,
proteins and fats. These are hydrolysed to soluble products which are then metabolised
through aerobic respiration, denitrification or fermentation. The bacterial populations
metabolising these routes are assumed to be the only populations capable of hydrolysis.

End products of fermentation are preferentially further degraded through iron reduc-
tion, sulphate reduction, acetogenesis and methanogenesis. They can also be degraded by
aerobic metabolism and denitrification. GRM is therefore able to model situations where
the products from anaerobic cells are washed into neighbouring aerobic or anoxic?? cells.

All of the microbial populations present in GRM have alkaliphilic sub-populations which
become active under alkaline conditions. This implies an alkaline route for the hydrolysis
of cellulose. The product of this microbial hydrolysis is referred to in the code as ISA.
In the current version of GRM, ISA is treated in the same manner as glucose. Hence,
references to ISA in the code should not be confused with isosaccharinic acid, which can
be produced as a result of chemical cellulose hydrolysis. The name ISA has been used
in anticipation of future code developments, in which the alkaline chemical route will
be modelled by linking the cellulose hydrolysis product under alkaline conditions to the
PHREEQE speciation calculations.

8.4 Microbiological Process Modelling

All microbial groups modelled in GRM are subject to growth and decay. Growth is modelled
via energy-generating and biomass—generating reactions. The former describe oxidation
of electron donors; the latter involve the conversion of carbon—containing substrates into
microbial biomass. An idealised formula, CsH7;O4N [54], is used for the microbial biomass.
Growth can be limited by the availability of nitrogen, in the form of ammonia and/or

22 Anoxic is a term for an environment under denitrifying conditions.
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nitrate. On death, cells are split into non-degradable and degradable fractions, the latter
being recycled through the polymeric substrates. Note that in the modelling of all of the
microbial processes, the active fraction of *C (see Sec. 10.2) is tracked for each carbon—
containing species.

During a GRM simulation, microbiological process modelling is only performed at times
less than a user—defined time TENDBUG. This facility allows the user to switch off microbio-
logical calculations during a GRM simulation. After the time TENDBUG no further microbial
calculations are performed. This facility is useful during simulations where steady-state
situations arise or where microbial processes are thought to no longer influence the bio-
geochemical evolution of the system (as, for example, in situations where all microbial

substrates have been exhausted).

8.5 Kinetic Relationships

Two general kinetic relationships are employed in the microbial modules of GRM. It should
be noted that the resulting kinetic equations, and all other differential equations used
within the microbial module, are solved in the GRM code to leading order in the microbial
timestep, Atyyg. This will be a good approximation if all of the changes over the course

of each microbial timestep are small.

1. Hydrolysis of Polymeric Substrates.

A first order rate equation is used to model the hydrolysis of the polymeric substrates.
Although this is a popular approach [55], it does separate substrate hydrolysis from
bacterial growth, which is unlikely to reflect the situation in situ. Three polymeric
organic substrates are considered by GRM, but it is assumed that the most significant
of these in LILW disposal sites will be cellulose. The rate of polymer hydrolysis
will depend on the ease of degradation, the ambient pH and temperature and the
prevailing environment (i.e., aerobic/anoxic or anaerobic). The substrate removal
rate within the saturated region can be expressed as:

ds
—(_l? = '—"Ui,jF(T, pH)HsS, (130)
where:

e 0, is the local saturated region moisture content;

e S is the polymeric substrate concentration (mass per unit volume);
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e v, ; is the hydrolysis rate. This depends on whether conditions are aerobic/anoxic
(¢ = 1) or anaerobic (i = 2) and on whether the rate of degradation is classified
as slow (j = 3), medium (j = 2) or fast (j = 1); and,

e pH cut-off factors are defined for both neutral and alkaline cellulose hydrolysis.
These are the limiting pH values below which cellulose hydrolysis does not occur.

The function F' is given by:

TGXP[—(pH - pHopt)Qf]
1+ exp[L — 18]

F(T,pH) = (131)

b

where:

e T is the temperature, expressed here in centigrade units;
e pHop is the optimum pH for hydrolysis; and,
e [ is a pH-dependence factor.
An option in GRM does however exist in which the temperature dependence of the

hydrolysis rate may removed. If this option is chosen then the previous equation
may be simplified to:

F(T,pH) = exp[—(pH — pHop)* ] (132)

Hydrolysis rates within the unsaturated region are taken to be temperature and pH
independent since neither quantity is defined within the unsaturated region. Simi-
larly, no distinction is made between aerobic and anaerobic regimes. The substrate
removal rate in this zone is therefore simplified to:

ds
—CE = “‘"U,'@uS, (133)

where:

e 0, is the local unsaturated region moisture content; and,

e v; is the hydrolysis rate, which can be classified as slow (i = 3), medium (i = 2)
or fast (1 = 1).
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2. Bacterial Growth and Substrate Removal.
These processes follow Michaelis-Menten (Monod) kinetics as described by McCarty
and Mosey [13], with the addition of a pH control factor:

as VSX

s T e e [ 134
At~ Knp+8 P (134)
where:
e 1 is the maximum substrate removal rate;
e X is the biomass concentration, which evolves according to Eq. 135;
e K, is the half-saturation constant; and,
e I,y is a pH control factor, given by Eq. 136.
dX ds
— =Y —~-DX 135
dt dt (135)
FpH - eXp[_(pH - pHopt)2f] (136)

In the equations above we have introduced the parameters:

e D, the biomass death rate;
e Y the yield coefficient; and,
e pHop, the optimum pH for metabolism.

The GRM user is able to control the nitrogen limitation of microbial growth with a
switch in the grm.dat file, INLIM. If INLIM is set to unity, then the growth rate is limited
by the availability of ammonia and/or nitrate.

If nitrogen limitation is switched off (by zeroing INLIM), the rate is calculated regardless
of the amount of ammonia and nitrate present. Under these circumstances, the fixation
of nitrogen is assumed.

8.6 Hydrolysis of Polymeric Organic Substrates

The hydrolysis of the three polymers considered within GRM is outlined below. The
progress of the reactions discussed is modelled using the kinetic equations 130 and 133.
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. Cellulose

Cellulose is considered to be a polymer of anhydroglucose which is hydrolysed to
glucose through the action of bacteria. The general equation for this conversion is:

(C6H1005)n -+ ’l’lHQO — nCGngOs. (137)

Alkaline hydrolysis is modelled by setting the optimum of the pH control function
(Eq. 131) to an alkaline pH. ‘

Proteins

Since it is not possible to specify the elemental composition of any protein present in
a disposal site, a representative ‘average’ protein is used [64]. Based on the empir-
ical observations that such a protein would contain 50% carbon, 25% oxygen, 15%
nitrogen and 7% hydrogen?® this protein has the formula:

CasH77017N 2. (138)

Proteins are hydrolysed to soluble peptides of the same general formula.

. Fats

Fats are assumed to hydrolyse to long—chain carboxylic acids (free fatty acids: FFAs)
and to glycerol [56]. The ratio of glycerol to acids in the hydrolysis products is
specified by the user.

Under anaerobic conditions FFAs are assumed to decompose to shorter—chain car-
boxylic acids: i.e., a mixture of acetic acid and volatile fatty acids (VFAs). This
decomposition is represented by the following reaction:

(1+n+2f)H(CH;),,COOH+2(m —n — f + mf)HQC —
(1 +m)H(CH,),,COOH + f(1 + m)CH3COOH + (2m — 2n — 2f + 2mf)H, (139)

where f is the user—defined molar ratio of acetic acid to VFAs in the decomposition
products. This decomposition is assumed to be instantaneous and, therefore, the
effects are modelled by simply increasing the relevant species concentrations by the
required amounts and then setting the FFA concentration to zero.

23 A small sulphur component is neglected in GRM.
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8.7 Aerobic Metabolism

In regions where oxygen is present glucose, peptides, glycerol, acetic acid, VFAs and FFAs
will all be consumed by the action of aerobic microbes. In reality these substrates would
be degraded by a range of microbial groups at various rates. Due to the complexity of
these processes and the probable absence of site-specific data, the aerobic degradation of
these substrates is simplified by not ranking their degradability and instead adopting the
concept of chemical oxygen demand (COD). A similar approach has also been followed
in the modelling of activated-sludge wastewater treatment systems [57], where complex
substrates are degraded aerobically. The COD value for a known quantity of a species is
the amount of oxygen required to oxidise it completely. Thus, for the aerobic microbes,
COD values are determined for the quantities of glucose, peptides, glycerol, acetic acid,
VFAs and FFAs present. The activity of the microbes is then calculated based on the
total COD rather than separately for each of the species.

As stated previously (Sec. 8.3), within GRM there are considered to be two types of
aerobic bacteria: one which achieves maximum performance at neutral pH and an alka-
liphilic type which performs best at a pH of around 9 (note, however, that the optimum
pH values have been left as user—defined parameters in the code). Apart from different
values for the kinetic constants (substrate utilisation rates, microbe yield coefficients etc.),
the growth and activity of the two types of bacteria are identical.

The relevant oxidation reactions for the species concerned are given below.

Glucose:
CﬁHlQOﬁ -+ 602 — 6002 —+ GHQO (140)
Peptides:
191 41
C46H77017N12 + TOQ g 46C02 + ‘Q—HQO -+ 12NH3 (141)
Glycerol:
7
CgHgO3 -+ “Q“Og d 3002 + 4H20 (142)
Acetic acid:
CH;COOH + 20, — 2C0, + 2H,0 (143)
Volatile fatty acids:
3n+1
H(CH,),COOH + 0y — (n+1)C0s + (n + 1)H,0 (144)
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Free fatty acids:

3m+1

COD values for the relevant species are calculated from:

MWo,
MW,

CODgp = csp SP, (146)

where:

e ‘sp’ labels the species (glucose, peptides, glycerol, acetic acid, VFA or FFA), which
has a concentration (mass per unit volume) of ‘SP’;

e MWy is the molecular weight of X; and,
® Cgp is the coefficient of O, in the relevant reaction equation (one of Eqs. 140 to 145).

Each of the substrates is also consumed to produce more bacteria. The primary source
of nitrogen for these bacteria is NH; although, if there is an insufficient amount of this,
NOj3 may also be used. (Note that no external nitrogen source is required for the pro-
duction of bacteria from peptides.) Again the COD concept is used by GRM to calculate
the bacteria production (substrate consumption) rates. The bacteria-producing reactions
considered are listed below.

Glucose:
5C5H1206 -+ 6NH3 - 6C5H702N -+ 18HQO (147)
7C¢H1206 + 6NO; + 6HY — 6CsH;0,N + 12CO, + 24H,0 (148)
Glycerol:
10C3H803 -+ 7NH3 -+ 5C02 - 7C5H7OQN + 26HQO (149)
_ ZC3H803 + NO; + HY — C5H702N -+ C02 -+ 5H20 (150)
Acetic acid:
7CH3COOH + 2NO; + 2H* — 2CsH;0,N + 4CO, + 8H,0 (152)
VFAs:
10H(CH;),COOH + (3n + 1)NH3 + 5(n — 1)CO, —
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(3n + 1)CsH;09N + 4(n + 2)H,0 (153)
14H(CH,),COOH + (3n + 1)NOj + (3n+1)HT —
(3n + 1)CsH703N + (9 — n)COy + (5n 4+ 11)H,0 (154)
FFAs:
10H(CH3),,COOH + (3m + 1)NHj3 + 5(m — 1)CO; —
(3m + 1)CsH;0,N + 4(m + 2)H,0 ' (155)
14H(CH;),nCOOH + (3m + 1)NO3 + (3m + 1)H* —
(3m + 1)CsH702N + (9 — m)CO;, + (5m + 11)H,0 (156)
Peptides:
20C46H77017N12 + 35C0O, — 191CsH,0,N + 49NH; + 28H,0 (157)

Using a Michaelis-Menten formulation, the change in the total COD concentration is

given by:
d(COD) _ omax  COD
i - = R eoD

Fou X, (158)

where:
e R™X is the maximum rate of COD utilisation;
e K is a half-saturation constant;

e Fyy is an inhibition factor which is a function of pH and is given by an expression
of the same form as Eq. 136; and,

e X, is the local aerobe concentration.

The COD component species are assumed to be consumed on a pro rata basis so that the
component concentrations at the end of a microbial timestep are:

COD MW,, CODj,

SP = : :
CODO MWO2 Csp

(159)

the superscript 0 referring to quantities measured at the beginning of the microbial
timestep.
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The change in oxygen concentration is calculated from:

40) _ ~(1 = Y3) Xy Ry, (160)
dt
where Y} is the fraction of COD used for microbe production. This quantity has compo-
nents coming from the fractions of COD used to produce biomass from NHs and NOj
(Ynm, and Yno, respectively -see section 8.7.1).
Unfortunately, for calculating the changes in other chemical concentrations the COD
concept is not so helpful and we must consider the effect of each individual reaction
separately. The remaining chemical concentration changes are calculated from:

d(CO 12 191
( i 2) _ XyMW o, Ry {(Cgluc + Cisa) (6 —6Y, + 7YN03> + Cpep <46 - _Z‘Yb)

1 4
+Cglyc (3 - 3Y;z + ‘2“(YN03 - YNH3)> + Cacet (2 - Qn + 7YN03>

1—-n 9—n
+Cvyra ((n +1)(1-Y) + TYNH:, + 17 YNOa)
1—-m 9—m
+CFra ((m +1)(1-Y) + 5 Ynm, + 17 YNOa)} (161)
and: d(NH 49
(dt ) _ Xp (12 + (56 —~ 12) Yb) MWna; RsChpep, (162)

where we have introduced the quantities Cs;, defined by:

CODg, 1

Cep = :
7 COD ¢sMWo,

(163)

Note that Eq. 162 only accounts for NHj released in peptide reactions (Eqs. 141
and 157). In addition, NH;3 (and NO3 ) may be consumed in microbe production. This is
considered in the following subsection.

8.7.1 Microbe Production and Nitrogen Limitation

Apart from the concentration changes described above, NH; (and indeed NOj ) may be
further consumed through microbe production. Since no external nitrogen is required for
the production of microbes from peptides and since it is convenient to work in terms of
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COD, we define a quantity Acod given by the total COD consumption minus that coming

from peptides:
COD’ — COD?

o0 Pep) . (164)

Let Y} denote the ideal microbe yield (i.e., the fraction of COD which would be used in
microbe production if there was sufficient nitrogen). Should sufficient nitrogen be present
in the form of NHj, then the corresponding increase in microbe concentration is:

Acod = ACOD (

i MWbiomass
ABug = Y, Acod FMWo, (165)

The NH; requirement to produce this quantity of microbes is:

MWnH,
Mwbiomass

If the NH; concentration is sufficient for this requirement then its concentration is reduced
appropriately and the NO3 concentration is left unchanged. However, if there is insuffi-
cient NH; to produce the required quantity of microbes then the excess is produced from
NOj. In order to produce the ideal microbe yield in this way, the NOj concentration
must exceed the following:

ABug. (166)

5 . MWyo
2 (¥ — Yam)Acod s,
70 = Yam, ) Bcod gy

In the case where there is sufficient nitrogen in total to produce the ideal microbe yield,
the available yields from NH3 and NOj are:

NH; 5MWo,

(167)

Yam, = 16
NH; = ACOd MWNH3 ( 8)
7 NO; 5MWo,
NOs = 5 Xeod MWo,” (169)

Once the actual microbe yields have been determined as described above, then the total
change in microbe concentration can be evaluated from the following version of Eq. 135:

0 0
dj? = X, <YNH3 + iYNOB) (COD cog?Dpep> ﬂRbXbeCpepMWm — ky X,
(170)
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where k; is the aerobe death rate. The three terms on the right-hand side of the above
equation represent production from non-peptide COD, production from peptides and
death.

8.8 Denitrification

Denitrification is a general term for the reduction of nitrate or nitrite to dinitrogen or
to gaseous oxides of nitrogen. Denitrifying bacteria utilise nitrate as a terminal electron
acceptor in the absence of molecular oxygen. Within GRM the process is modelled in its
most complete form of nitrate reduction to dinitrogen. This occurs via two routes, organ-
otrophic and Hs-consumers, each being modelled with a distinct microbial population.
The first group couples the oxidation of organic molecules to nitrate reduction; the sec-
ond group couples to the oxidation of hydrogen. The hydrogen consumers are modelled
assuming that these microbes derive carbon for biomass production from organic carbon
sources. The relevant denitrifying reactions are as follows:

Hj-consuming:
5H, + 2NO; + 2H" — Ny + 6H,0 (171)
Organotrophic:

5Ce¢H 1206 + 24NO3 + 24H* — 30CO, + 12N, + 42H,0

(172)

10C4H77017N5 + 382NO; + 382HT — 460CO, + 191N, 4+ 120NH; + 396H,0  (173)

5C3HsO05 + 14NOj3 + 14HT — 15CO, + 7N, + 27H,0 (174)

5CH3COOH + 8NO; + 8H" — 10CO, + 4N, + 14H,0 (175)
5H(CH,),COOH + (6n + 2)NO; + (6n + 2)H" —

(5n 4 5)CO; + (3n + 1)N; + (8n + 6)H,O (176)
5H(CH,),,COOH + (6m + 2)NO3 + (6m + 2)H —
(5m + 5)CO2 + (3m + 1)Ns + (8m + 6)H,0 (177)

As in the case of aerobic microbes (see Sec. 8.7), the organotrophs completely oxidise a
range of substrates and it is therefore convenient to use the concept of COD, with values
again given by Eq. 146. Each of the organic substrates is also consumed to produce more
bacteria (both the Hs-consumers and the organotrophs). The primary source of nitrogen
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for these bacteria is NHjy although, if there is insufficient of this, NO3 may also be used.
Microbe production proceeds via the reactions set out in Sec. 8.7 (Eqs. 147 to 157).

There is the option in the code of preventing the denitrifyers from consuming glu-
cose. In effect, this assumes that they are unable to hydrolyse cellulose. The option
is included because of suggestions that although cellulose hydrolysis by denitrifyers has
been observed [58], it does not play a major role in determining microbial populations.
Moreover, it has been claimed [59] that denitrifyers are much more likely to consume the
end products of fermentative organisms.

A Michaelis—Menten formulation is used to describe the rates of utilisation of both
hydrogen (R%) and COD (R?). Note that hydrogen is only consumed in the Hy-consuming
energy reaction of Eq. 171, whereas COD is consumed by the other energy reactions
(Eqs. 172 to 177) as well as in the production of both the organotrophic and the Hp-
consuming microbes. The total change in COD concentration is then:

d(COD) 5MWo,

= —R°X, — ReX, Y22
dt Mwbiomass

(178)
where X, and X, are the local organotroph and Ho-consumer concentrations respectively
and Y, is the Hy-consumer yield. Both this yield and the organotroph yield have compo-
nent yields from NHs (Ygy,, Yau,) and NOj (Ygo,: YRo,)-

As in Sec. 8.7, COD component species are assumed to be consumed on a pro rata
basis according to Eq. 159. The remaining chemical concentration changes are derived
using the equations listed below:

d(COy)

12 191
T = XOMWCOQR'IO‘L {(Cgluc + CISA) (6 — 6Y, + ?YI\?03> + Cpep (46 - TY;))
4

1
+Celyc (3 - 3Y, + §(Y13103 - YI{)IHg)) + Cacet (2 = 2Y, + 7Y§03)
1—n 9—

VA
+Cvra ((n +1)(1-Y,) + —5 NH, T TYKIOE‘)

1- 9 —
+Crm ((m+ 1)1 = o) + 5 Vi, + 7 Vo) |

5MWo 12 7
XM — 2 R° { C C — Y3~ — Crhep—Ya
+ WCOQ MW piomass n ( gluc + ISA) 7 NO; pep

1—n 9—n

5 YNu, + '—1;1‘—3/1%03)

1 o 4_.
+Cgly6'2‘(YI(Il03 - YNH:;) -+ Cacet?YN03 + CVFA (
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1-m_,, 9-—m
+CFra (T" NH, T Tyﬁoa)} (179)
d(H
( d;) =-R°X, (180)
d(NO 12 4 3n+1
( 7 ) _ —2R? Xo(1 — Y,)MWno, {‘g‘(Cgluc + Crsa) + ‘5‘Ca£et + Cvra
3m+1 7 191 2MWyo
Crea + ~Cyye + — } _ ReX, S NOy 181
5 FFA + 5 glyc + 10 Cpep n 5MWH2 ( )
_ dt 2MWpo, dt
d(NH3) 191 SMWg, 49
— R X, MWy, C <12 - —-Y,,) REX,Y, 0 22 183
dt n NH; Cpep 50 1) T itata g 90 (183)

Note that, apart from the above concentration changes, NH; and NOj may also be
consumed in microbe production. This is considered later.

8.8.1 Substrate Limitation

The above method of calculation of chemical consumptions does not take into account
how much of each species is present at the beginning of the timestep. It is therefore
possible that some of the concentrations calculated using Eqgs. 178 to 183 will be negative.
Suppose for example that this possibility were to be realized for the COD. The decrease
in COD concentration over a microbial timestep can be represented as:

ACOD = A; + ALY, (184)
where A, is the consumption of COD due to all reactions involving the organotrophs and
A, is the H, consumption by the energy reaction of Eq. 171. Now, if ACOD > COD?
then new values are set for A; and A, such that ACOD = COD® and the ratio of A; to
A, 1s maintained.

This process of reducing the chemical consumptions if necessary must be repeated for
each of the species consumed to obtain a consistent set of new concentrations. However,
the situation with NOj is more complicated since this species is consumed by both the
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energy reactions and the microbe synthesis reactions. Thus, the decrease in NO3 con-
centration over one timestep must take into account not only the changes described by
Eq. 181, but also changes due to microbe synthesis. For calculational convenience, NOj
limitation is calculated under the assumption that all microbes are produced using NO3
as the nitrogen source. Thus:

19 4 3+ 1
ANO3 = A4 (1 - Y,)2MWyo, {—g(cgluc + Cisa) + gCacet +— Cvra
3m+ 1 7 191 SMWno,
5 Crma + cCaye + 5 Cpep} T e W
5 MWyo 5 MWno
DAL Y, NOs 4 2 cy VIVNO, 185
A Yo we, T 70 Y W (185)

where f is the fraction of COD not consisting of peptides. This assumption in determining
NOj3 limitation does not alter the fact that NHj is used in preference to NOj for the
production of microbes, but it may sometimes lead to an underprediction of the effects
of denitrification. In practice this means that a few extra timesteps may be required to
remove a given quantity of NO3 which, seen in the context of the GRM as a whole, is not

expected to be significant.

8.8.2 Microbe Production and Nitrogen Limitation

These issues are discussed in the context of aerobic microbes in Sec. 8.7.1. A very similar
process is followed in calculating denitrification processes. There are however, some slight
modifications due to the presence of two microbe populations. Working with Acod as in
Eq. 164, the total increase in microbe concentration is:

i MWbiomass i
ABug = Y'Acod——>rmnZ 4 YVEAH 1
ug o ACO BMWo, + Y, 2, (186)
where the superscript ¢ denotes an ideal yield. The NHj requirement for this is the
expression given in Eq. 166, with ABug as just given above. If there is insufficient nitrogen
in the form of NHj3 then the ideal yields can still be produced if the NO3 concentration

exceeds: .

i 0 MWnyo
‘7— (Yo - YNH3)ACOd'————§'

SMWo,

All of the available NHj3 is known to be used for microbe production in preference to
NO3. However, this statement does not provide enough information to determine the

5
+ §(YJ — YNy,)AH, (187)
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yields Yy, and Yy, that appear in the above equation. In order to do so, the ratio of
these two is assumed to equal the ratio of the corresponding ideal yields. We then have
that:

o _ NH [3 Acod ,  AH, ]“ (188)
NHs MWNH3 Yai 5MW02 MWhiomass

2 o Yo
YNH, = YN, 3 (189)

In the case where there is insufficient nitrogen in total to produce the ideal microbe
yield, Eqs. 188 and 189 still hold and Y§ 3, Y¥03 are found in a similar way to be:

7 NO; [Yi Acod AH, 17!
Y&, o — i -2 190
o a }/Ol
YNo, = YNosl‘ﬁ (191)

Once the actual microbe yields have been calculated, the organotroph and H,-consumer
concentrations, respectively, can be evaluated from:

dX, ) MWyiomass 191
= RoX, (Yim, + 20, ) “mumai 1 RN, Y, MWy,
dt Rn ( NH; + 7 NO3 51\/1\]\/-02 + 20 Rn OMWb omasscpep
MW,
—k,,XO——-———SM‘{;“;Z‘"’SS (192)
2
X, 5 191
—t = R2X, <Y§H3 + ;{,—Yﬁoa) + 5o FAXYoSMWo,Cpep — kuXe,  (193)

where k, and k, are the death rates.

8.9 Fermentation

There are three fermentative pathways considered within GRM and these are described
below.

8.9.1 Fermentation of Glucose

Glucose fermentation generates acetic acid, carboxylic acids, hydrogen and carbon dioxide.
The carboxylic acids produced are composite VFA| the carbon number of which can be
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specified by the user. This allows glucose to be fermented to acetic and butyric acid or
acetic and propionic acid or even an average VFA representing the mixture observed in
an anaerobic environment. The overall chemical reaction is:

3C(5H1206 -+ 4(4 - TL)HQO —
9H(CH,),,COOH + CH;COOH + 6(5 — n)Hs + 2(7 — n)COs. (194)

Synthesis of the glucose fermenting microbes proceeds via reaction 147, the only possible

nitrogen source being NHj.
A Michaelis—-Menten formulation is again used in determining the rate of glucose util-
isation, ;. The resulting chemical concentration changes are given below:

d(gluc)

met “Ry X} (195)
d(acet) _ (1- Y RXY x\\x;czé_ (196)
d(\;f‘A) - VK)RIXA%%% (197)

W) _ - vmxy Q‘VV\Z (5 - n) (198)

UCO) _ (1 vy Mo, 14 1

d(ljlfls) _ —KRlXi%‘Wngfg’ (200)

where Y] is the fraction of glucose consumption used in biomass production. Note that
the acidogenic microbes produced from glucose are not considered to be the same as
those responsible for the fermentation of peptides or fats. The rate of change of the
concentration of this microbe is:

| Xt

dt

where kY is the death rate and Y} is the microbe yield coefficient. The latter quantity is
input by the user and is defined by:

= (VAR — k3) X}, (201)

Increase in bug mass = Y} (Total decrease in glucose mass). (202)
2
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If there is sufficient nitrogen in the form of ammonia to produce the ideal microbe
yield, the yield coeflicient is related to Y; by:

6M Wy,
Yl — }/1 10111a8S (203)
4 5ngluc
Note, however, that if there is insufficient ammonia to support the required microbe

yield then Y} must be reduced.

8.8.2 Peptide Fermentation

The peptides produced by hydrolysis of proteins may ferment to produce a mixture of
acetic acid, short—chain carboxylic acids, CO, and NH3. The molar ratio of acetic acid
to VFAs in the fermentation products (F}) is defined by the GRM user. The appropriate
chemical reaction is:

(6H+2+8F1) C45H77017N12 + (68n + 150 + 218F1) HQO —

191H(CH,),COOH+191F; CH;COOH + (85n-99-14F;) CO, + (72n+24-+96F, ) NH;.(204)

Competing with this fermentation reaction is the microbe synthesis reaction 157 which
also consumes the peptides to produce acidogenic microbes.

A Michaelis-Menten formulation is again used in determining the rate of substrate
utilisation, R,. The resulting chemical concentration changes are given below:

d(pep) _
dt ~R, X%, (205)

d(acet) p MWy 191 F)
= (1 - Y3)R, X%, 2
g - 1Y MW pep 61 + 2 + 8F (206)
d(VFA) > MWyps 191
= (1 - Ya)R, X}, 207
i - 1T RRX MWoep 60+ 2+ 8F, (207)
d(CO,) » MWco, 85n — 99 — 14F1 » MW¢o 7
~ Ya)R, X7, 2 X 2 208
e MWpye, 6n+2+8F, Yl XaNrw,., MW pep, 4 (208)
d(NH;) » MW, 36n + 12 + 48 F; MWy, 49
= (1-Y3)R, X%, 2 YoR, X%, 2 2
dt =Y’ Xarw pep 3+ 1+4F, PP A MW e, 20 (209)
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where Y; is the fraction of total peptide consumption used in acidogen production. The
rate of change of the concentration of this microbe is:

dx?
dt

where k% is the death rate and Y} is the microbe yield coefficient. The latter quantity is
input by the user and is defined analogously to Eq. 202. The fraction Y5 is straightforward
to calculate from Y7}.

= (YiR: — k) X3, (210)

8.9.3 Glycerol Fermentation

Glycerol is produced by the hydrolysis of fats and, like the peptides, may subsequently
ferment to give a mixture of acetic acid, short—chain carboxylic acids and hydrogen. The
molar ratio of these acids in the fermentation products (F3) is again user—defined. The

appropriate chemical reaction is:
3H(CH,),,COOH + 3F,CH3COOH + 2(F» + 2 — n)H,. (211)

Glycerol fermenting microbes are produced via reaction 149.
A Michaelis—-Menten formulation is again used in determining the rate of substrate
utilisation, R,. The resulting chemical concentration changes are given below:

d(glyc)
— = —RX (212)
dt (1= ¥o)Ro X MWeiye 2F5 +1+n (213)
d(VFA) MWvyrs 3
=(1-Y, g 214
dt ( o) Feg X4 MWgye 2F +1+n (214)
d(Hs) o MWy,  F,+2-n
=(1- 2 215
d(COy) MWco, 1
——= = Y, R X{—2= 216
dt [ Mngyc 92 ( )
2
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d(NH MW 7
(NH;) _ —};Rng;——-g'Ij}'“a (217)
dt nglyc 10

where Y, is the fraction of total glycerol consumption used to produce biomass from NHj.
Note that the acidogenic microbes produced from glycerol are not considered to be the
same as those responsible for the fermentation of peptides or glucose. The rate of change
of the concentration of this microbe is:

dX$4

dt
where k% is the death rate and Y} is the microbe yield coefficient. The latter quantity is
input by the user and is defined analogously to Eq. 202. The fraction Y} is straightforward

to calculate from YJ. Note, however, that if there is insufficient ammonia to support the
required microbe yield then Y} must be reduced.

= (YiR, — k2)X3, (218)

8.10 Microbial Iron Reduction

Under anaerobic conditions, bacteria couple the reduction of available iron(III) to iron(II).
This process is modelled via two routes, organotrophic and Hy-consumers, each having
its own microbial population. The first group couple the oxidation of organic molecules
to iron reduction, while the second group couple to the oxidation of hydrogen. Iron re-
duction at the expense of hydrogen has been observed both in the environment and the
laboratory. Iron(III) is assumed to be present as amorphous ferric oxyhydroxides and is
reduced until it is exhausted. The relevant iron-reducing reactions are as follows:

H,-consuming:

H, 4 2Fe®t — 2Fe*t + 2H" (219)
Organotrophic:
CH;COOH + 8Fe*t + 2H,0 — 8Fe?t + 2CO, + 8H* (220)
H(CH,),,COOH + (6n + 2)Fe** + 2nH,0 —
(6n + 2)Fe*™ + (n + 1)COq + (6n + 2)H™. (221)

Acetic acid and VFAs are also consumed to produce biomass via reactions 151 and 153.
The source of nitrogen for these bacteria is NHj.

Due to the fact that the organotrophs act equally to oxidise two substrates, an equiva-
lent total chemical oxygen demand (COD) is considered, as in Sec. 8.7, with values given
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by Eq. 146. Indeed, the calculations of microbial iron reduction are essentially a gener-
alization of the equations given in Secs. 8.7 and 8.8. A Michaelis-Menten formulation
describes the rates of hydrogen (R}) and COD (R$) consumption and COD component
species are then consumed by applying Eq. 159. The other chemical concentration changes
are given by:

d(COy)
dt

1
= B} XpMWco, {2(1 = Y1) Cuu + (n+ 1= 3¥7 (61— 1)) Cyra }

1 SMWg,

—-R;X}‘Yf“MWcoz—Q—(n —1)Cyra (222)

d(Fe®*) d(Fe*") o
dt = - dt = ‘R?X_?(l - Yf) [SCacet + 2(377' + 1)CVFA] - 2R?X}1, (223)
where X¢ and X? are the local organotroph and Hj-consumer concentrations respectively
and Y7 and Y are the corresponding yields.
Substrate and nitrogen limitation are both taken into account, using completely anal-

ogous procedures to those described in Secs. 8.8.1 and 8.8.2 respectively.

8.11 Sulphate Reduction

Under anaerobic conditions sulphate-reducing bacteria reduce available sulphate to sul-
phide (in the form of H,S). Two sulphate reducing pathways are considered within GRM,
each metabolised by a separate group of bacteria. The first of these, the Hy-consumers,
couple sulphate reduction to hydrogen oxidation whereas the other group, organotrophs,
utilise acetic acid and VFAs as electron donors. The relevant reactions are as follows:

H,-consuming:

4H, + SOF™ + 2H™ — H,S + 4H,0 (224)
Organotrophic:
CH3COOH + SO;™ + 2H' — 2CO, 4 H,S + 2H,0 (225)
4H(CH,),COOH + (3n + 1)SO;™ +2(3n + 1)H" —
4(n + 1)CO; + (3n + 1)HsS + 4(n + 1)H,0. (226)

Acetic acid and VFAs are also consumed to produce more bacteria in the same manner
as described for the iron reducers: i.e., via reactions 151 and 153.
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Due to the fact that the organotrophs act equally to oxidise two substrates, an equiva-
lent total chemical oxygen demand (COD) is considered, as in Sec. 8.7, with values given
by Eq. 146. Indeed, the calculations of microbial sulphate reduction are essentially a gen-
eralization of the equations given in Secs. 8.7 and 8.8. A Michaelis-Menten formulation
describes the rates of hydrogen (R?) and COD (R?) consumption and COD component
species are then consumed by applying Eq. 159. The other chemical concentration changes
are given by:

d((f;)?) = R°X°MWco, {2(1 — ¥)Cacet + (n +1- %Y;’(% + 1)) CVFA}
_RIXY MW, _;.(n — 1)Cypa MS\I;/AXE;S (227)
d(i(t)") = —RX(1-Y")MWgp, [Cacet + snt ICVFA} — R X (1- Ku)% (228)
d(S;S) = REXZ(1 - VMW [Cm + 3”2’ 1CVFA] +ROXS(1 — Y)gdﬁwv%lf (229)

where X? and X are the local organotroph and Hy-consumer concentrations respectively
and Y? and Y are the corresponding yields.

Substrate and nitrogen limitation are both take into account, using completely analo-
gous procedures to those described in Secs. 8.8.1 and 8.8.2 respectively.

8.12 Acetogenesis

Under anaerobic conditions, acetogenic bacteria are responsible for breaking down long-
chain VFAs into acetic acid, hydrogen and carbon dioxide. The reaction is:

As well as being consumed in the acetogenesis reaction, the VFAs are also used in bacteria
growth through Eq. 153. The source of nitrogen for the bacteria is NHj.

Acetogenesis by the above route is known to be inhibited by the free hydrogen con-
centration. This is included in the model in the manner described by Young [64]. A
Michaelis—-Menten formulation is used to determine the rate of VFA utilisation (R,), but
is corrected by using the inhibition factor x8(x), where @ is a step function and:

v =In—EA (231)
acet. H3%
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Thus, if ¥ < 0 then acetogenesis is considered to be completely inhibited.
The chemical concentration changes resulting from the above acetogenesis reaction and
the corresponding microbe synthesis reaction are calculated from the following equations:

d(VFA
dVFA) _ g x, (232)
dt
d(acet) MW cet
={1-Y, )R, Xy,——— 233
= ( ) MWors (233)
W) _ (1 V) RX30 1) (234)
VFA
d(CO,) MWco n—1MWco
(1= V)R Xy(n — 1o @02 _y gy B2 00 (g
d(NH3) _ 3n + 1 MWyn, .
pra Y, R, X, 10 MWyps’ (236)

where Y, is the fraction of VFA consumption used in biomass production. The rate of
change of the concentration of this microbe is:

dX,

dt

where k, is the death rate and Y, is the microbe yield coefficient. The latter quantity is

input by the user and is defined analogously to Eq. 202. The fraction Y, is straightforward

to calculate from Y;*. Note, however, that if there is insufficient ammonia to support the
required microbe yield then Y, must be reduced.

= (YJR, — ko) Xo, (237)

8.13 Methane Production

Two basic methanogenic pathways are considered within GRM, the bacteria being divided
into Hp-consumers, which consume hydrogen as a substrate, and organotrophs, which
consume acetic acid. The relevant reactions are:

H,-consuming:

COy + 4H, — CH, + 2H,0 (238)
Organotrophic:
CH;COOH — CO, + CH,. (239)
2
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In the production of Hy-consuming biomass, the necessary carbon is supplied by carbon
dioxide rather than organic sources. The Hp-consuming biomass synthesis reaction is thus:

5C0O, + 10H, + NH3 — CsH;0,N + 8H,0, (240)

while organotroph synthesis proceeds via reaction 151.

The methanogenic model is more complex than that applied to the other microbial
groups because of the sensitive nature of the bacteria involved. Following Ref. [64], the
methanogens have a temperature factor included in the specific rate equation (cf. Eq. 134):

ds VSX
& = Ry s T (241)
where: - e
' —(T - 35
Ftemp = exXp (—L—iﬁ‘(‘)—‘—“‘> . (242)

In GRM an option exists where this temperature dependance may be switched off. In
this case the function Fiemp is simply set to unity.

The organotrophic methanogens also have temperature—dependent half-saturation con-
stants. This follows the temperature evolution outlined by Lawrence and McCarty [60]
and the implementation of Young [64]. Specifically:

Ko =

869 mgl™*
333 + 536(6 — T/5)mgl"!
172 4+ 161(7 — T/5) mgl™*
172 mgl™!

if T <25°C
if 25°C < T < 30°C
if 30°C < T < 35°C
if T > 35°C.

(243)

If the temperature dependence of methanogenesis is switched off, the organotrophic half-

saturation constant is set to 869gm ™3
The chemical concentration changes resulting from all of the above reactions are cal-

culated from the following equations:

d(Hz)
=-R* X? 244
d(acet)
=—R° X? 245
o X, (245)
d(CHy) MWcey MWy
=R*Xe(1-Y¢ L ROXO(1 = YO et 246
dt m 77L( TIL) 4MWH2 T 'IIL( 771) Mwacet ( )
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d(CO,) 1 1 MWco MWco
=-—-R:X? <- —Y“) ———2 + R° X% (1 -Y?)—==2 247
dt m m 4 + 4 m MWH2 + m m( m) MWacet ( )
d(NH;) MWy OMWyh

= —Re xeye L NHs  po yoyo SN WNH, 248
dt T 1 0MWy, o XY S5MW et (248)

where Y2 and Y, are respectively the organotroph and H,y-consumer microbe yields from
NH;. The rates of change of the methanogens are:

dxe

I = (VORS, ~ KS)X (249)
dX?
Som = (VRS — k)X, (250)

where k7, and kj, are the respective death rates and Y,2° and Y% are microbe yield coef-
ficients. These coefficients are input by the user and are defined analogously to Eq. 202.
The fractions Y} and Y;? are straightforward to calculate from Y20 and Y° respectively.
Note, however, that if there is insufficient ammonia to support the required microbe yields
then the yield coefficients must be reduced accordingly.

The Hy-consumer synthesis is calculated in two steps, each with half of the normal
microbial timestep. This splitting of the methanogenesis process allows for a degree of
coupling with the acetogenesis processes. :

8.14 Reoxidation

The growth and activity of bacteria responsible for the oxidation of inorganic substrates
is modelled within GRM using two oxidising agents: oxygen and nitrate. Oxygen is used to
oxidise Fe(1I), sulphide, pyrite, and ammonia. Nitrate is used to oxidise Fe(II), sulphide
and pyrite. These two processes are discussed below.

8.14.1 Nitrate Reoxidation

The quantity of oxidisable substrate is handled in the form of a tota] chemical nitrate
demand (CND) which is similar to the chemical oxygen demand (COD) discussed previ-
ously. Substrate utilisation may either occur instantaneously or at a rate controlled by
the local microbe concentration.

Before the usual growth and death calculations are performed microbe maintenance is
considered. The maintenance requirement for a given microbe is the amount of nutrient
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(in the form of CND for example) which is required to keep it alive. A maintenance factor
(MF) is specified by the user. The maintenance requirement (MR) for a given microbe is
then given by:

MR = MF.Atyye. X, (251)
where X, is the oxidising microbe concentration. If the amount of nutrient is less than the
maintenance requirement then some proportion of the microbes will die, and the quantities
of recycled and inert biomass are increased appropriately. Note that the inclusion of
maintenance calculations in this section of the GRM code reflects the format in which
kinetic data is often given for such microbes.

If microbial mediation has been specified, a Michaelis—Menten formulation is employed
to find the rate of CND utilisation, Ry. Subject, of course, to availability, the changes in
CND and the nitrate concentration are then given by:

d(CND)  d(NOsj)
i Ry X,. (252)
In addition to the oxidation of the inorganic substrates, microbe synthesis must also
be taken into account. Since no organic carbon is involved, the carbon necessary for the
production of new microbes is taken from CO,, while the necessary nitrogen is supplied

by ammonia. The microbe synthesis reaction is:
5002 + NH; + 20H™ + 20e” — C5H7OQN -+ 8H20 (253)

As usual, if there is insufficient nitrogen to produce the ideal microbe yield, the actual
yield is reduced such that all the available nitrogen is used in microbe production. CO,
limitation on the microbe growth is treated similarly.

8.14.2 Oxygen Reoxidation

The oxidation of inorganic substrates (iron II, sulphide, pyrite and ammonia) using oxygen
as an agent is very similar to that discussed above when using nitrate, with the exception
that COD rather than CND is used. Microbe synthesis can again occur through kEq. 253
and if there is insufficient CO, or nitrogen present to produce the required quantity of
microbes, then the yield is reduced accordingly.

8.14.3 COD/CND Determinations

Before determining the COD and CND consumption for the oxygen and nitrate cases
discussed above, it is necessary to determine the initial COD and CND values from
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the appropriate reactions. Consider the oxygen case first. The oxidation of iron(II)
species/minerals is described by the following reaction:

1 1
Fe?t + 702+ HT = Fe*t + 5 H20. (254)
The corresponding COD for any iron(II) species/minerals is:
1
CODre(rry = ;[Fe(1D)] (255)

where [Fe(IT)] is the total iron(II) concentration excluding pyrite. The mineral pyrite
(FeSy) must be considered separately since it is not in a completely reduced form (sulphur
is in the —1 valence state rather than the —2 state). Oxidation of pyrite is usually
represented in two stages, the first being:

7
FeS, + 502 + H,0 = Fe?t + 2503~ + 2HT, (256)
and the second being as in reaction 254. Combining these reactions, the COD of any

pyrite present is found to be:
15

CODpyr = ~4—[pyr]. (257)
Sulphide oxidation is described by:
HS™ + 20, + OH™ = SO%™ + H,0, (258)

so that the COD of any sulphide species/minerals is:
CODg = 2[HS7], (259)

where [HS™] is the total HS™ concentration, again excluding any pyrite.
Ammonia oxidation is described by:

NH{ + 20, = NOj + 2H" + H,0, (260)
so that the COD of any ammonia species is:
CODnyg, = 2[NH{J], (261)

where [NH{] is the total aqueous ammonia concentration, which includes all species con-
taining the ammonia master species.
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The total COD on which the reoxidising microbes act is simply the sum of Egs. 255, 257, 261

and 259.
Now consider the case of reoxidation using nitrate. The half redox reaction for nitrate

being reduced to nitrogen gas is:
1

Thus one mole of nitrate reacts with 5 moles of available electrons, whereas 1 mole of
oxygen gas reacts with 4 moles of available electrons since:

O, + 4e™ + 4H™ — 2H,0. (263)

The COD value for oxidation of iron(II), sulphide and pyrite using oxygen can then be
converted into a nitrate demand equivalent (CND) through:
_MWyo, 4

= ——f 264
CND = COD e (264)

Where:
COD = CODgerp + CODsulphide + CODpyri'te.(265)
Given the above values for COD and CND the microbial consumptions can be evaluated
using the methods of Secs. 8.14.1 and 8.14.2. The resulting chemical changes are then
made.

8.15 Biomass Recycle

All bacterial groups within GRM are subject to death and decay. Dead biomass is split
into degradable and non-degradable portions according to a ratio set by the user. The
biomass is assumed to consist of approximately 50% protein with lesser amounts of fats,
carbohydrates etc. For simplicity therefore, it is recycled only into proteins and FFAs via
the following reaction:

(191 + 2F + 6mF)CsH;OoN + 4(7 + 4F + 2mF)H,0 —

20C46H770:7N1o + QOFH(CHQ)mCOOH + 5(7 —2F + QmF)COQ + (2F +6mF - 49)NH3,

(266)
where F is the molar ratio of FFAs to proteins in the recycled material. Since the
biomass is already considered to be in the form of proteins etc., it should be stressed that
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this reaction is purely a hypothetical concept to avoid violation of mass conservation.
Thus there is no associated rate expression and the relevant concentrations are simply
increased instantaneously. The inert non-degradable portion builds up within the model
as a residual solid material.

8.16 Optional Treatment of HS™

Sulphides from microbial processes may be produced in significant quantities in the pres-
ence of ferric iron. This could lead to a situation that is chemically unacceptable. In order
to avoid it, the GRM user has the option (selected by setting the IHSRDX flag in grm.dat
to unity) of allowing the sulphides and ferric iron to react. The reaction modelled is:

1
FeOOH + éHS"‘ +HCO; + §H+ — FeGO; + £SO}~ + gHzo. (267)

The extent to which the reaction occurs is such as to reduce either the sulphide or the
ferric iron concentration to zero.
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9 Corrosion Chemistry

GRM assumes the dominant metal in LLW disposal sites to be mild steel. The modelling
of corrosion within GRM is not concerned with the integrity of metal containers containing
waste or their times to failure or leakage. The focus is rather on the rate of formation of
corrosion products, which could significantly affect the chemical evolution of the site.

The corrosion module in GRM treats saturated corrosion (iron in waterlogged conditions)
differently to unsaturated corrosion (iron in damp/dry conditions), in terms of both the
corrosion rates and the products formed. Acid corrosion is not taken into account since
the pH is not expected to become very low in LLW sites®!.

9.1 Saturated Corrosion

The corrosion module simulates the aerobic and anaerobic degradation of mild steel. The

iron is treated as a combination of three possible shapes (spheres, plates and rods), the

rate of corrosion depending on the available surface area of the shapes present.
Corrosion in the saturated zone is modelled using the reactions shown below.

1. Aerobic corrosion:

4Fe + 10H,0 + 30, < 4Fe(OH);-H,O. (268)

2. Anaerobic corrosion products can be either Fe(III) or Fe(II) based depending on the
initial conditions set by the GRM user. If Fe(IIl) products are chosen then anaerobic
corrosion proceeds via the following reaction:

9Fe + 8H,0 = 2Fe(OH)3-H,0 + 3H,. (269)

Solid Fe(OH)3 is formed if the pH is greater than some user-defined level, typically
around 9. Otherwise, when the internal flag COLFLG is set to zero during execution,
colloids and solid Fe(OH); are formed and when it is set to unity, then dissolved ferric
ions are produced. This flag is set to unity during GRM execution when the chemical
speciation calculations predict that all of the Fe(OH)3 dissolves into solution. If solid
Fe(OH); is formed, the fraction in static mineral and in mobile colloidal form can be

24 Acid corrosion occurs at low pH (S 4) such as when organic acids are present: Fe + 2CHzCOOH < Fe?* 4 Hy +
2CH3C002™. The rate of acid corrosion increases with falling pH, though the chemical reaction will push the solution
towards higher pH. If there were a plentiful supply of organic acids and the solution is buffered at a low pH then acid
corrosion would be an important process even in anaerobic conditions.
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specified by the user in grm.cor. Sorption onto both of these products is taken into
account. The sorption processes are treated as instantaneous and are discussed in

Sec. 5.2.
In the case of Fe(II) products being chosen, anaerobic corrosion proceeds by:
Fe + 2H,0 = Fe(OH), + H,, (270)
when CO, is limiting and:
Fe + COy + HyO = FeCO3 + Ha, (271)

when CO, is available. Iron(II) colloids are not considered at present.

Under high pH conditions a passivity layer 2°> forms which retards the rate of corrosion.
The rate decreases as the layer forms until a minimum rate is reached. The corrosion rate
is reduced under both aerobic and anaerobic conditions (different minimum rates can be
specified for the two types of conditions), the decrease being dependent on the (user—
defined) size of the passivity layer formed. In practice, the anaerobic corrosion rate will
be substantially reduced by the passivity layer, but aerobic corrosion is little affected since

it normally takes place at pH higher than 9.
In the course of each microbial timestep, the corroded volumes of spheres, plates and
rods are updated using the following equations. Note that similar equations are applied

for both aerobic and anaerobic corrosion.

e For spheres:
Veph = %ﬂ (rgph — (Tsph — corsph.Atbug)B)NSph, (272)
where:
— Tsph 1S the radius of the spheres;

— Ngph is the number of spheres; and,
— COTIgpp, is the linear corrosion rate for spheres.

e For plates:
Vplt = SApltcorpltAtbug> (273)

where:

25 A Passivity Layer forms under aerobic conditions always, but under anaerobic conditions it only forms if Fe(ITl) is
specified as a product.
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— SAp¢ is the surface area of the plates; and,

— corpy is the linear corrosion rate for plates.

e For rods:
Vied = (W Troalrod — T(lrod — 2€0Trod-Atpyg) (Trod — Corrod-Atbug)Q)Nroda (274)

where:

~ Trod 15 the radius of the rods;
— £0q is the length of the rods;
— Nyoq 18 the number of rods; and,

— COrrat 18 the linear corrosion rate for rods.

The volume of iron that can be corroded in aerobic conditions is limited by the available

oxygen:

MWFe 4 Vsat
vaer 10 *
max [ 2} MW02 3 Piron

(275)

where:

o [O,] is the oxygen concentration (expressed as a mass per unit volume);

Piron 18 the density of iron;

Vsat 18 the saturated volume; and,
® 131_ represents the number of moles of iron corroded for every mole of oxygen.

The sums of the corrosion volumes Vgh, Vpie and Vioq are compared for aerobic and
anaerobic corrosion. Should there be insufficient oxygen for the desired amount of aerobic
corrosion then V35 is used as the aerobic volume in the comparison. The larger total
corroded volume then defines the corrosion conditions for the present timestep. But if
[Oy] < 1E — 10 gm™2 conditions are automatically taken as anaerobic.

Should aerobic conditions prevail but be oxygen limited then the volume corroded must
be reduced to V25 . This is divided amongst spheres, plates and rods in proportion to
their surface areas, with corresponding reductions to the linear corrosion rates.
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In the case of anaerobic corrosion, the chemical changes will depend on whether Fe(II)
or Fe(IlI) is the designated corrosion product. The hydrogen concentration following the
anaerobic corrosion reactions can be expressed as:

Piron Viron MWy

shapes

where v is the valence of the iron product.
As well as the chemical changes due to iron corrosion during a timestep, the geometric
iron parameters and the iron corrosion rates must be updated each time. The relevant

equations are:
COTshape(t + Atpyg) = COTshape(t) — COTshape(t) (1 - exp(—pasAtbug))

(
Tsph(t + Atbug) = Tsph (t) - E3_(3i‘sp}1(75)A75b11g (
thpe(t + Atpug) = thple(t) — 2C0Tpe (t) Atpug (279
Trod(t + Atpug) = Trod(t) — COTroa (1) Athug (
Crod(t + Atpug) = lrod(t) — 2C0Troq(t) Atpug (
where:

e a tilded quantity refers to its value after possible reduction in aerobic conditions if
the corrosion is oxygen limited;

e ‘pas’ is equal to zero unless a passivity layer is formed in which case it is equal to
the user—defined rate of formation of the layer; and,

e thpy is the thickness of the plates.

9.2 Unsaturated Corrosion

Corrosion in the unsaturated zone is based on a three-stage reaction as used in the GAMMON
code [51]. GAMMON was devised to model the evolution of gases from deep depositories,
arising from the corrosion of metals and the microbial degradation of cellulosic waste.

The basic corrosion reactions assumed are:

1. Aerobic corrosion;
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2. Oxide depletion corrosion;

4F€203 + Fe = 3FC304 (283)

3. Anaerobic corrosion;
3Fe + 4H,0 = Fe;O4 + 4H,. (284)

The intermediate process (reaction 283) occurs once oxygen has become depleted, the
ferric oxide being used to oxidise the iron metal in order to form magnetite, the reduced
iron oxide. Only when all of the ferric oxide has been used does true anaerobic corrosion
occur. The rate of corrosion for the intermediate process is assumed to be the same as
that for anaerobic corrosion. The passivity layer is assumed only to form during aerobic
corrosion since Fe;O4 has been found not to adhere to iron metal surfaces.

The same basic equations as those employed in calculating the saturated corrosion
rates are used. However, the determination of the prevailing conditions is altered because
there are three unsaturated reactions to consider. The maximum volume of iron that can
be corroded without resort to true anaerobic corrosion is:
MWFe + Vrgea;{

, 285
4piron 8 ( )

Vrg)z;.l)? =< Fe,O3 >

where:
e < Fe,O3 > is the number of moles of Fe;O3 present;
) % is the number of moles of iron corroded for every mole of Fe,O3; and,

e the term V2% /8 is due to Fe;O3 formed from all of the available oxygen, V2¢% being

given by replacing the saturated volume by the unsaturated volume in Eq. 275.

The sums of the corrosion volumes Vg, Vi and Vioq are compared for aerobic and
anaerobic corrosion rates. Should there be insufficient oxygen for the desired amount of
aerobic corrosion then V3% is used as the aerobic volume in the comparison. The larger
total corroded volume then defines the corrosion conditions for the present timestep.
Should aerobic conditions prevail, the methods used to determine the corrosion rate
under limited oxygen conditions are the same as under saturated conditions. A passivity
layer is only formed under aerobic conditions, a similar equation being used as for satu-
rated corrosion. When oxide depletion occurs, it is assumed that any passivity layer is
stripped off. Thus, if aerobic conditions occur again then the aerobic corrosion rate is at

1ts maximum.
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Should anaerobic conditions prevail then it is necessary to determine whether oxide
depletion or true anaerobic corrosion reactions take place. Oxide depletion occurs unless
the total anaerobic corroded volume exceeds the sum of V2 and V254 In the oxide

depletion case no hydrogen is evolved and the amounts of Fe,O3 lost and Fe;O, formed
are determined by:

A < FesO3 >= K&M _ Z ana _ ysaer Piron (286)
o QMWFQ shapes shape e 4MWF€
Piron
A < FesO4 >= pana _ yaer . 087
< ezglyg > (s}g;es shape max) 3MWFe ( )

In the true anaerobic case, any remaining Fe,O3 is converted into Fe3O,. The amount of
hydrogen evolved is:

Piron 4 MWH
A[HQ} — 2}11113 _ Vaer = 2 . (288)
shéj—:pes shape max Vsat 3 MWFe
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10 Radioactive Decay Processes

Problems of solute transport involving sequential first~order decay reactions frequently
occur in modelling soil systems. As well as radioactive chain members, the decay of other
materials (such as interacting nitrogen species, organic phosphates and pesticides) has
been considered in some models. Additional complexities arise within GRM since multi-
phase media are considered: i.e., solute, sorbate and precipitate. Decay within the solute is
treated as within the transport/decay literature. That is, the energy of the decay reaction
severs the bond between the complexed parent and its ligands with the daughter product
going into solution. For the sorbed and precipitated phases a simplifying assumption is
made that the recoil energy of the radionuclide is sufficient to eject it into the solute.

In all cases, therefore, the daughter product is taken to be released into solution.
Of course, subsequent determinations of the microelement speciation will then be able
to move the daughter into the appropriate phase should this be required for chemical
equilibrium. Errors introduced by the assumption will therefore only persist between the
time of decay and the time of the next speciation call. Hence, they should be small and
closely controlled.

The decay equation for the ¢ th member of a chain is:

dN;
dt

with A\g = 0. The general solution to a sequence of such equations is well known to be a
sum of exponential terms, given originally by Bateman [61]. Numerically, however, direct
use of the Bateman formalism can lead to difficulties for long decay chains (with more
than about seven members) due to rounding errors in the calculation of small differences
between large terms. Such problems are more likely to occur if the timesteps are small
and the nuclide half lives are close together. The accent for GRM numerical calculations is
to prefer the robust to the spuriously accurate method?®. The GRM code therefore solves
the decay equations to O(dt) for each transport timestep. Provided that the transport
step is considerably smaller than all of the nuclide half lives, the errors induced by this
approximation should be insignificant.

= "—/\iNi + )‘i-lNi—l (289)

26Firstly, because a search for very high accuracy would not be justified by the model and could increase run time.
Secondly, because the code must be able to run to completion given a wide variety of numerical situations (varying numerics
may arise even in the course of a single run).
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10.1 Decay Chains

Within the GRM, it is possible to trace the components of a particular nuclide concentration
back to the relevant parent in the original disposed inventory. The option to follow decay
chains can be selected by the user by setting the ICHAIN flag to unity in the main input
file grm.dat.

Consider for example the decay chain N; —N; —Nj. From this, the code identifies
three decay subchains:

1. Ny —Noy ——)Ng ——")X,
2. Ny —»N; —X; and,
3. Ng —X

where X is not followed. Any initial inventory of Ny is used to seed the first subchain; any
initial inventory of Ny is used to seed the second subchain and any initial inventory of N3 is
used to seed the third subchain. Decay within each of the subchains is treated separately,
and therefore the user can be provided with that part of the subsequent inventory of
the nuclide N; which exists because of the presence of nuclide N; (j < i) in the starting
inventory. Output for each subchain is given in the output files chain.out and chtot.out.

Suppose that as well as the chain N; —N, —Nj, there is also a second chain of the
form M; —N, —Nj (i.e., the nuclides N; and M; have the same daughter). Repeated
subchains would then arise. The GRM code will ignore all repeated subchains except for
the last occasion they appear?”. In chain.out and chtot.out therefore, the user will find
that the output data for subchains that recur later in the sequence will be always zero.

Each member of each decay subchain is treated as a separate ‘nuclide component’ and
the corresponding concentrations are summed to give the total radioelement concentra-
tions before speciation. This is necessary because of the potential for a situation in which
the total concentration of a particular radioelement is above its solubility limit, but the
individual component concentrations are lower than this limit. Without the summation,
precipitation would not occur.

While chain.out allows calculation of nuclide fluxes within groundwater, chtot.out
refers to the total concentrations within each cell (both saturated and unsaturated re-
gions)rather than simply the liquid phase. There are however two other differences be-
tween chain.out and chtot.out:

27The order is defined by the listing of master decay chains in the grm.dcy input file.
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1. Whereas external water flows are written to file chain.out for each print time, these
are not relevant in the case of human intrusion calculations so no flow data are
written to chtot.out.

2. Nuclide concentrations are written to file chain.out as moles per litre of porewater,
whereas the units used for chtot.out are moles per litre of total cell volume.

10.2 Following of Active Carbon

As well as the radioactive decay processes for microspecies, there is an option in GRM which
allows the user to follow active carbon 14. The inventory of *C is given by specifying it
as a fraction of each carbon bearing species on a cell by cell basis, and it is these fractions
which are updated as necessary through the transport, speciation, microbial and corrosion
modules of the code. If the option is chosen (by setting C14SWT to unity in grm.dat), the
active fraction data file, grm.act (Sec. 12.1) is opened and read in.

Within the transport module of the code, calculations are made of the amount of 4C
lost to the external environment. Moreover, the individual *C species concentration, in
each cell, is allowed to decay with a hardwired half life of 5730 years. It is assumed that
there is no active C entering the model domain in the incoming groundwater, although
it is allowed to leave via seepage etc. As far as sorption processes are concerned, C is
treated similarly to other species in that it can be sorbed onto the waste/geomatrix.

The active fraction of C in any species containing carbon is updated due to transport
and speciation. For transport, the following relation is used:

1d
new _ Cof fig + ACi 41 fijn

new _ : 290
v Gt + ACi (290

where:
e f;j is the active fraction in cell (4, j); i.e. the fraction of total C which is C.
e (; ; is species concentration in cell (7, ); and,

e AC; ;41 is the change in the cell (7, ) species concentration due to transport from
cell (¢,7+1).

Similar expressions are used to update the fraction for all cells surrounding the cell of
interest, and for any boundary flows. Other updates use analogous relations.
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10.2.1 Other Minor Active Isotopes

Partioning of both ?*?Rn and tritium is discussed in Secs. 6.5 and 6.6.

In addition to C, radon (*?Rn) and tritium (*H) can also be followed. These options
are switched on using the flags IFLGH3 and IFLGRN respectively in the file grm.dat.
#22Rn is a highly soluble gas and is assumed to be non-sorbing. It is produced by the
decay of ?5Ra and decays with a half life of just 3.8 days. The decay products of 222Rn are
short-lived and non-gaseous and are therefore not followed within GRM. Transportation of
dissolved 2??Rn is treated in exactly the same manner as for other dissolved species.
Tritium is assumed to exist in the form of tritiated water. It is allowed to leave the
modelled domain either as aqueous groundwater or as water vapour vented through the
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11 Running GRM

11.1 Residence of the Current Master Version of GRM

The FORTRAN source files required to compile version 4.1 of the code are listed in the
file:

/home/grm/bld/4.1/logs. 1

These files are held in the RCS directory:
/home/grm/src/RCS

An executable for GRM version 4.1 is available at:

/home/grm/bin/grm4.1_irix6.5

11.2 Procedure for Running GRM
GRM version 4.1 may be run by following the simple steps below.

1. Create a directory in your workspace from which you intend to run the code and
move to that directory (the run directory).

2. Create the appropriate input files grm.*. The format and contents of each of these
files is described in Sec. 12.

3. Create a dummy file called RUNNER. The contents of this file are never read and are
therefore irrelevant. The GRM code attempts to open this file before each transport
timestep. If the file cannot be found in the run directory then a full set of output
will be produced and execution is terminated. Halting execution by deleting (or
renaming) the RUNNER file may be preferable to simply killing the relevant process
since the former method will provide the user with potentially useful output at the
time of termination, including restart files which may be used to continue the run at
a later time.

4. Ensure that a file grm. out does not exist in the run directory. If such a file is present,
the GRM execution will terminate immediately with the issue of an appropriate error
message. The purpose of this is to ensure that the main output file from a previous
GRM run is not inadvertantly overwritten. A grm.out file in the run directory should

2

1

Orig JG+ 06/2003 AP AP ISSUE 2

By Date Chkd. Appr. Description of Issue or Revision

BNFL] 5896D (Rev 11/84)




’ . Project Number
B N FL Program User s\(/}uxfie for the Code GRM, 00/EN0127/7/1
ersion 4.1 Page 116 of 247

be either deleted or renamed. Note, however, that existing output files other than
the main one are not protected in this way.

5. Once all files have been set up correctly, GRM is run by typing the name of the
executable (with the appropriate path). The location of the current GRM executable

is given in Sec. 11.1 above.

6. If execution is terminated before the specified endtime, information on why this has
occurred may be provided in the form of an error message to the main output file
grm.out (and also to the screen if the run was performed in the foreground). A
description of possible error messages is given in Sec. 11.5.

11.3 Restart Facility

The GRM user is able to stop and subsequently restart a simulation. This option may be
useful if some of the input parameters (such as the flags for different process modules)
are to be changed in the course of a simulation. Use of the restart facility is controlled by
two parameters (RSTTIME and RSTINT) in the main input file, grm.dat. These represent a
termination time and a restart interval and must always be set. If these times are greater
than the endtime of the simulation, the restart files will not be written. If the current
simulation time reaches an integer multiple of RSTINT then restart files are written and
code execution continues. If the simulation time reaches RSTTIME then restart files are
written and code execution terminates.

When written, the restart files (RESTART and RESTART1) contain all the information
about the current state of the simulation. On beginning a new GRM run the code will read
in these files if they exist in the run directory and attempt to continue the old simulation
from where it left off.

If no changes are made to the data files then the results produced by the restarted
run will be identical to those which would have been produced by continuing the original
run. An exception to this statement applies to the contents of the files chain.out and
chtot.out. Thus, the option for decay chain following is not compatible with the restart
facility?®.

In practice, the restart files simply list the contents of a large number of calculated
variables and arrays. RESTART1 in particular is often a very large file. Should one wish to
make a copy of it for some reason then a symbolic link is to be preferred to a direct copy.

281t is anticipated that code development will resolve this issue in a future version of GRM.
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The restart facility is mainly designed to allow the user to alter information supplied
through the input data files. Any alteration to the contents of the restart files should be
done with care since it could easily have unforeseen consequences. It is not recommended
without having first made a careful study of the Programmer’s Guide [1].

11.4 Variable Timesteps

Within GRM there are five different timesteps that are specified by the user. The main input
file grm.dat contains the transport and speciation timesteps, the output print frequency
and pH/pe print frequency. The grm.bug file contains the microbial timestep.

Depending on the chemical and transport properties, the speciation module of GRM
may need small timesteps in order to perform satisfactory equilibration at the start of a
simulation, but then be able to function with a larger timestep at later times (i.e., once
the system has reached a steady or slowly-evolving state). For such reasons, the GRM user
is allowed to vary the microbial, transport and speciation timesteps over the course of the
run. In each case, a maximum of 9 changes to the initial step size are permitted. The
form of the input is described in Secs. 12.3 and 12.6.

In addition, one may require more detailed output at certain times within the run.
Therefore, the frequencies at which information is written to the output files can be
varied in a very similar fashion.

11.5 Error Messages

As far as practicable, the GRM code has been written with a view to providing good error
trapping. If an error or inconsistency is detected, then an error code and short message
are written both to standard output and to the main output file grm.out. Execution is
then terminated. Several errors of execution, such as overflow/underflow, divide by zero,
address out of range and I/O format should be handled by the local compiler/operating
system, which will display sufficient information to locate the fault. Such errors should
not occur if the data set has been correctly configured.

Errors detected by the GRM code itself are discussed below. Some of these are assigned
code numbers, which are listed along with the description of the errors.

1. GRM has not been able to open the named file. Check that all necessary input files
(as listed in Table 3) exist in the run directory.
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10.

11.

12.

. While reading one of the input files, GRM was expecting to find the named keyword?®.

The string actually read is written as part of the error message. From this information
it should be relatively easy to find the error in the relevant input file. Spelling
mistakes, extra lines of numerical data before the keyword and simply missing out
the keyword are all examples of errors which may have occurred.

In the RUN TIME OPTIONS section of the main input file grm.dat each of the flags
should either be set to 0 or 1. If this is not the case, the offending variable is indicated.

Two of the RUN TIME OPTIONS flags are in conflict. For example, this would be
signalled if IREOX was set to 1 (indicating that microbial reoxidation of reduced
minerals is to be performed) while YESBUG is set to 0 (indicating that microbial
activity is not included in the current simulation).

The named integer parameter is above the maximum allowable value, which is also
indicated.

One of the species identification numbers listed in either grm.bcs or grm.kds is
not recognised as a transported species (it does not appear in the MACROSPECIES
PHREEQE ID NUMBERS or MICROSPECIES ID NUMBERS sections of the main input file

grm.dat).

The number of colloids specified in the INTEGER PARAMETERS section of the main
input file grm.dat is outside the allowable range (0 to 3 inclusive).

For each microelement included in the bulk chemistry, the corresponding master
species (species number 3**01) must appear in the list of transported species (as
specified in the MICROSPECIES ID NUMBERS section of the main input file grm.dat).
An error is signalled should this not be the case.

The element, species and mineral names appearing in the PRINT DATA, MICROMINERALS
IN INITIAL INVENTORY and MACROMINERALS IN INITIAL INVENTORY sections of the

main input file grm.dat must be exactly as they appear in the PHREEQE database.

An error is signalled should this not be the case.

Due to the way in which the microelement inventory is apportioned between different
phases and regions within the current version of GRM, no finite—difference cell may

29Note that all keywords are preceeded by an asterisk.
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14.

20.

50.

The following errors are also detected by GRM. They have not been assigned code
numbers but are fully described by an output message.

be fully saturated if the simulation includes at least one microelement. A possible
solution is to assign each cell a nominal headspace.

One of the microelements listed in file grm.kds is not recognised as a transported
element (as specified in the MICROSPECIES ID NUMBERS section of the main input file

grm.dat).

The implicit finite-differencing transport solver has been chosen (flag ISLVBK set to 1
in the RUN TIME OPTIONS section of the main input file grm.dat). This option is dis-
abled in the current version of the code and one must select the explicit-differencing
solver instead, by setting ISLVBK to 0.

The value of the named parameter is outside the permitted range, which is stated.

e The gas flow calculations include a self-consistency check.

e The names of any ion-exchange species are checked. They must be exactly as they

appear in the PHREEQE database.

The name of any ion-exchange species for which data is to be output must agree
with the name of a species that is followed in the run.

An error in opening grm.bcs, grm.grd, grm.flw, modf.grd, modf .hds or modf . cbb
is captured.

A check is made that modf . grd has the header line MCAD386, which it must if it is a
valid MODFLOW file.

Any cell numbers listed in the grm.bcs file for local boundary conditions are checked.
They must not fall outside the range of the finite difference grid specified in grm.grd.

Local boundary conditions set in grm.bcs have a data entry for the boundary con-

®
dition type. This must be either 0, 1 or 2 (see Sec. 12.2).
e A check is made that the grid sizes in modf.grd do not exceed the maximum per-
mitted values.
e Checks are made that the grid sizes in modf.cbb, modf.crc, modf.hds and in
modf . cbw agree with those in modf.grd.
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e Before calling PHREEQE a check is made that all of the elements to be speciated are
in its database.
e Kinetic minerals listed in grm.kin are checked to ensure that they appear in the
database.
e The sorption data read from grm.kds is checked to ensure that only positive values
occur.
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12 Input Deck

The input data required for a GRM run is supplied through a number of files, which are
generally named grm.***. The only exceptions to this are the MODELCAD/MODFLOW data
files which are named as modf . *** and the PHREEQC database file phreeqc.dat. A list of
all possible data files is given in Table 3 below, together with a brief description of each.
The third column of the table indicates whether each file is optional and, if so, specifies
which flag or parameter controls the need for its presence. All of these flags are set in the
main data file grm.dat. The file grm.f1w, for example, is required if and only if the flag
IMDFLW is set to zero.

Each of the input files is described separately in the following sections. Note that
reference is often made to ‘keywords’. These must appear in the input file exactly as
stated and be preceded by a single asterisk. Examples of the input files are available in
the appendices. These have been included for illustrative purposes only and were not
designed to be consistent with each other. The data included in the files should not be
regarded as realistic.
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Name Description Optional?

grm.act Active fraction data Yes (C14SWT=1)

grm.bcs Solute boundary conditions No

grm.bug Microbial data Yes (YESBUG=1 or YESCOR=1)
grm.cem Cement dissolution data Yes (ICEM=1)

grm.cor Corrosion data Yes (YESCOR=1)

grm.dat Main input file No

grm.dcy Radioactive decay database Yes (NME>0)

grm.flw Groundwater flow data Yes (IMDFLW=0)

grm.grd Geometry data Yes (IMDFLW=0)

grm.iex Ion-exchange data Yes (YESX=1)

grm.inv Initial inventory data No

grm.kin Kinetic mineral dissolution data Yes (NKIN>0)

grm.kds Sorption/release database No

grm.phr PHREEQE database Yes (YESPC=0. YESCHM=1)

phreeqc.dat

PHREEQC database

Yes (YESPC=1. YESCHM=1)
Yes (YESPC=1. YESCHM=1)

(

(
grm.phc PHREEQC header file (
grm.rel Microelement release data Yes (NME>0)
modf . cbb MODFLOW internal flow data Yes (IMDFLW=1)
modf . cbw MODFLOW well flow data Yes (IMDFLW=1)
modf . crc MODFLOW recharge flow data Yes (IMDFLW=1)
modf . grd MODFLOW grid data Yes (IMDFLW=1)
RESTART Time data used in the restart facility | Yes (see Sec. 11.3)
RESTART1 Other data used in the restart facility | Yes (see Sec. 11.3)

Table 3: GRM input files.
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12.1 grm.act

This data file contains the active fraction information for *C in each cell. An example
file can be seen in Appendix A. The format of the file is as follows:

e Line 1 - Keyword CELLULOSE TYPE 1.

e The next NY lines contain the active fractions of C in cellulose type 1 for each of
the NX cells.

e Line 2 + NY- Keyword CELLULOSE TYPE 2.

e The next NY lines contain the active fractions of C in cellulose type 2 for each of
the NX cells.

e Line 3 + 2NY - Keyword CELLULOSE TYPE 3.

e The next NY lines contain the active fractions of C in cellulose type 3 for each of
the NX cells.

e Line 4 + 3NY - Keyword PROTEIN TYPE 1.

e The next NY lines contain the active fractions of *C in protein type 1 for each of the
NX cells.

e Line 5 + 4NY - Keyword PROTEIN TYPE 2.

e The next NY lines contain the active fractions of C in protein type 2 for each of the
NX cells.

e Line 6 4+ 5NY - Keyword PROTEIN TYPE 3.

e The next NY lines contain the active fractions of *C in protein type 3 for each of the
NX cells.

e Line 7 4+ 6NY - Keyword FAT TYPE 1.

e The next NY lines contain the active fractions of *C in fat type 1 for each of the NX
cells.

e Line 8 + 7NY - Keyword FAT TYPE 2.
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e The next NY lines contain the active fractions of *C in fat type 2 for each of the NX
cells.

e Line 9 + 8NY - Keyword FAT TYPE 3.

e The next NY lines contain the active fractions of *C in fat type 3 for each of the NX
cells.

e Next Line - Keyword NUMBER OF MACROELEMENTS TO BE READ.

e Next Line - Number (ELCNT) of carbon macroelements which have an active fraction
that are involved in the GRM run.

e Next Line - Keyword PHREEQE NUMBER AND ACTIVE FRACTION.
e For each macroelement with a carbon active fraction (ELCNT in total):

— Next Line: Element PHREEQE number.
— Next NY Lines: The active fractions of *C for this element in each of the NX
cells.

e Next Line - Blank.
e Next Line - Keyword NUMBER OF MICROSPECIES TO BE READ.

e Next Line - Number (MICNM) of microspecies which have an active fraction of C
that are involved in the GRM run.

Next Line- Keyword MICROSPECIES NUMBER AND ACTIVE FRACTION.

For each microspecies with a carbon active fraction (MICNM in total):

— Next Line: Microspecies PHREEQE number.

— Next NY Lines: The active fractions of C for this microspecies in each of the
NX cells.

e Next Line - Blank.
e Next Line - Keyword NUMBER OF MACROMINERALS TO BE READ.
e Next Line - Number (NOMORE1) of macrominerals which have an active fractionf MC.

e Next Line- Keyword MINERAL NAME AND ACTIVE FRACTION.
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e For each macromineral with a carbon active fraction (NOMORE1 in total):

— Next Line: Macromineral PHREEQE name.
— Next NY Lines: The active fractions of *C for this mineral in each of the NX cells.

12.2 grm.bcs

This data file contains information concerning the chemistry of influent streams. It may
take either of two forms (Sec. 3.5), depending on whether constant or time-dependent
boundary conditions have been specified (using flag ITDBCS in the main data file grm. dat).
Only macrospecies and colloid concentrations may be set in the time-independent case,
while microspecies concentrations may also be set if the time-dependent form is used. (In
both forms the pH and pe of each external stream are also set. Although these values are
read by GRM their values are not used in the code calculations and they may therefore be

given arbitrary values.)
The boundary conditions are specified using a combination of global and local condi-
tions, with any local values given overwriting the global values in the relevant cells.

12.2.1 Time—-independent form

Used if ITDBCS = 0. In the time-independent form, global concentrations must be set
for every macrospecies and colloid. An example file can be seen in Appendix B.1. The
format of the file is as follows:

e Line 1 - Keyword GLOBAL BOUNDARY CONCENTRATIONS.
e Line 2 - Caption (text unimportant).
e Next NC lines (NC = number of macrospecies):

1. Global species concentration in constant head flows (moll™! of porewater);
2. Global species concentration in well flows (moll™! of porewater);

3. Global species concentration in recharge flows (moll™* of porewater).

This data should be written in the same order in which the macrospecies PHREEQE
numbers are specified in the main input file grm.dat.

e Next NCOL lines (NCOL = number of colloids):
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1. Global colloid concentration in constant head flows (gl™! of porewater);
2. Global colloid concentration in well flows (gl™! of porewater);
3. Global colloid concentration at boundary of recharge cells (gl™! of porewater).
e Blank line. ‘
e Next line - Keyword GLOBAL BOUNDARY PH.
e Next line:
1. Global pH in constant head flows;
2. Global pH in well flows;
3. Global pH in recharge flows.
e Blank line.
e Next line - Keyword GLOBAL BOUNDARY PE.
e Next line:

1. Global pe in constant head flows;
2. Global pe in well flows;

3. Global pe in recharge flows.
e Blank line.
e Next line - Keyword LOCAL BOUNDARY CONCENTRATIONS.

e Next line - Number (N) of local boundary concentrations to be set for the first
macrospecies.

e For each local boundary concentration to be set for this macrospecies (N in total):

— Next N lines:
1. Y-position of cell (row number);
2. X-position of cell (column number);
3. Type of boundary flow (0 = constant head, 1 = well, 2 = recharge);
4. Macrospecies concentration in boundary stream (moll™! of porewater).
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— Blank line.

The previous 2N +1 lines are repeated for each macrospecies (i.e. NC
times).

e Next line - Number (N1) of local boundary concentrations to be set for this colloid.
e For each local boundary concentration to be set for this colloid ((N1 in total):

— Next N lines:

1. Y-position of cell (row number);

2. X-position of cell (column number);

3. Type of boundary flow (0 = constant head, 1 = well, 2 = recharge);
4. Colloid concentration in boundary stream (gl™! of porewater).

— Blank line.

The previous 2N1 +1 lines are repeated for each colloid (i.e. NCOL times).
e Next line - Keyword LOCAL BOUNDARY PH, PE.
e Next line - Number of local boundary pH/pe values to be set (M).
e Next M lines:

Y-position of cell (row number);

X-position of cell (column number);

Type of boundary flow (0 = constant head, 1 = well, 2 = recharge);
pH of boundary stream:;

RANE o S A

pe of boundary stream.

12.2.2 Time—dependent form

Used if ITDBCS = 1. Time-dependent boundary conditions may be expressed in either
of two ways. In the first way, each time-dependent quantity is represented by a series
of straight lines. This enables the user to make a fit to the time profile of the relevant
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quantity, which may have been determined elsewhere. Thus, for example, a time varying
species concentration is represented as:

c0+m0(t-—t0) to <t <ty

C(t) = cy + ml(t - tl) tl S t < tQ (291)
etc.

where tg, {; etc. are the start times of successive periods. In each period, the concentration
profile is approximated by a straight line starting from the values ¢y, ¢; etc. and having

gradients mg, m; etc.
The second method of expressing the time-dependent boundary conditions is analogous

to the first except that now the straight lines describe the logarithm of the relevant
quantity. Thus, a species concentration would be represented by:

colOmolt=to) ¢ < ¢ <ty
c(t) =< c1oml—t) ¢ <t <ty (292)
etc.

In the time—dependent form of grm.bcs, it is not necessary to specify boundary con-
centrations for every species and colloid, the default values being zero. An example file
can be seen in Appendix B.2. The format of the file is as follows:

e Line 1 - Keyword IBCLOG.

e Line 2 - Flag indicating whether linear or logarithmic time-dependence is used
(0O=linear, 1=logarithmic).

e Line 3 - Keyword WELL CELLS.

e Line 4 - Keyword GLOBAL WELL CONCENTRATIONS.

e The following format is used in turn for each species for which non-zero concentrations
are to be specified:

— Next line - The number of the species as it appears in the PHREEQE database.
Note that if a -’ sign appears here it signifies that there are no more global well
concentrations to be read. Colloids may be specified as "coll1”,”¢col2”, or ”¢ol3”.

— If the current species is a microspecies then for each isotope:

*x Next line - Isotope fraction of this isotope.
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— Next line - Number of time periods used to define the time-dependence (NT).
— Next NT lines:

1. Period start time (yr);

2. Period end time (yr);

3. Species concentration at period start time (moll™! for liquid species, gl~! for
colloids);

4. Slope of either the concentration profile or the logarithm of it during the
period (moll~'yr~! and gl~'yr~! for liquid species and colloids respectively
if a linear time~dependence is used; yr~! for both liquid species and colloids
if logarithmic dependence is used);

5. Species concentration at period end time (moll~! for liquid species, gl™* for
colloids).

e Next line - Keyword GLOBAL WELL PH.
e Next line - Number of time periods used to define time-dependence of pH (NPH).
e Next NPH lines:

1. Period start time (yr);

2. Period end time (yr);

3. pH at period start time;

4. Slope of either pH or log pH profile during the period;
5. pH at period end time.

e Next line - Keyword GLOBAL WELL PE.
e Next line - Number of time periods used to define time-dependence of pe (NPE).
e Next NPE lines:

1. Period start time (yr);

2. Period end time (yr);
3. pe at period start time;
4. Slope of either pH or log pH profile during the period;
5. pe at period end time.
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e Next line - Keyword LOCAL WELL CONCENTRATIONS.

e The following format is used in turn for each species for which local concentrations
are to be specified:

— Next line - The number of the species as it appears in the PHREEQE database.
Note that if a ‘-’ sign appears here it signifies that there are no more local well
concentrations to be read. Colloids may be specified as "coll”,”col2”, or "col3”.

— Next line - The number of cells for which local well concentrations are required
for this species (NC).

— Next set of lines repeated NC times:

* Next line:

1. Column number (X-position) of this cell;

2. Row number (Y-position) of this cell;

3. Number of time periods used to define time-dependence (NT).

* If the current species is a microspecies then for each isotope:
- Next line - Isotope fraction of this isotope.
* Next NT lines:

1. Period start time (yr);

2. Period end time (yr);

3. Species concentration at period start time (moll™! for liquid species, gl
for colloids);

4. Slope of either the concentration profile or the logarithm of it during the
period (moll~'yr=! and gl='yr~! for liquid species and colloids respec-
tively if a linear time-dependence is used; yr~! for both liquid species
and colloids if logarithmic dependence is used);

5. Species concentration at period end time (moll™! for liquid species, gl !
for colloids).

e Next line - Keyword LOCAL WELL PH.
e Next line - Number of cells for which a local well pH value is required (NCPH).

e Next set of lines repeated NCPH times:

— Next line:
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1. Column number (X-position) of this cell;
2. Row number (Y-position) of this cell;
3. Number of time periods used to define time-dependence of pH in this cell
(NPH).
— Next NPH lines:
Period start time (yr);
Period end time (yr);
pH at period start time;
Slope of either pH or log pH profile during the period;
5. pH at period end time.

-y =

e Next line - Keyword LOCAL WELL PE.
e Next line - Number of cells for which a local well pe value is required (NCPE).
e Next set of lines repeated NCPE times:

— Next line:
1. Column number (X-position) of this cell;
2. Row number (Y-position) of this cell;
3. Number of time periods used to define time-dependence of pe in this cell
(NPE).
— Next NPE lines:
Period start time (yr);
Period end time (yr);
pe at period start time;
Slope of either pe or log pe profile during the period;
5. pe at period end time.

il e

e Blank line.

All of the above (apart from lines 1 and 2) is repeated for the recharge and
the constant head boundary conditions in turn.
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12.3 grm.bug

This file contains all the microbial data necessary for a GRM run. It is only required as
input if microbial or corrosion calculations are to be performed: i.e., if the flag YESBUG or
the flag YESCOR is set to 1 in the RUN TIME OPTIONS section of the main data file grm.dat.
An example file can be seen in Appendix C. The format of the file is as follows:

e Line 1 - Keyword CARBOXYLIC ACID CARBON NUMBERS.

On subsequent lines:

— Number of carbon atoms minus one (since formula is H(CH,),,COOH) in one
molecule of the ‘average’ volatile fatty acid (VFA).

— Number of carbon atoms minus one in one molecule of the ‘average’ free fatty
acid (FFA).

e Line 4 - Keyword CELLULOSE HYDROLYSIS DATA.

On subsequent lines:

L

— Aerobic hydrolysis rate constant for type 1 cellulose (s71).

— Anaerobic hydrolysis rate constant for type 1 cellulose (s71).

— Aerobic hydrolysis rate constant for type 2 cellulose (s71).

— Anaerobic hydrolysis rate constant for type 2 cellulose (s71).

— Aerobic hydrolysis rate constant for type 3 cellulose (s71).

— Anaerobic hydrolysis rate constant for type 3 cellulose (s71).

— Optimum pH for cellulose hydrolysis.

— pH factor for cellulose hydrolysis.

— pH cut-off for cellulose hydrolysis. Below this value hydrolysis will not occur.
— Alkaline aerobic hydrolysis rate constant for type 1 cellulose (s!).
— Alkaline anaerobic hydrolysis rate constant for type 1 cellulose (s71).
— Alkaline aerobic hydrolysis rate constant for type 2 cellulose (s™!).

— Alkaline anaerobic hydrolysis rate constant for type 2 cellulose (s71).
— Alkaline aerobic hydrolysis rate constant for type 3 cellulose (s71).

— Alkaline anaerobic hydrolysis rate constant for type 3 cellulose (s71).
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— Optimum pH for alkaline hydrolysis.
— pH factor for alkaline hydrolysis.
— pH cut-off for alkaline hydrolysis. Below this value hydrolysis will not occur.

— Glucose recycle switch. If this switch has a value greater than or equal to 1.0,
excess glucose is converted back into cellulose.

— Unsaturated hydrolysis rate for type 1 cellulose (s™).
— Unsaturated hydrolysis rate for type 2 cellulose (s™').
— Unsaturated hydrolysis rate for type 3 cellulose (s71).

e Line 27 - Keyword PROTEIN HYDROLYSIS DATA.
e On subsequent lines:

— Aerobic hydrolysis rate constant for type 1 protein (s').

— Anaerobic hydrolysis rate constant for type 1 protein (s71).
— Aerobic hydrolysis rate constant for type 2 protein (s!).

— Anaerobic hydrolysis rate constant for type 2 protein (s7!).
— Aerobic hydrolysis rate constant for type 3 protein (s™1).

— Anaerobic hydrolysis rate constant for type 3 protein (s™1).
— Optimum pH for protein hydrolysis.

— Constant in pH control factor for protein hydrolysis. The larger the value, the
narrower the pH range over which hydrolysis will occur.

— pH cut-off for protein hydrolysis. Below this value hydrolysis will not occur.
— Unsaturated hydrolysis rate for type 1 protein (s71).
— Unsaturated hydrolysis rate for type 2 protein (s7!).
— Unsaturated hydrolysis rate for type 3 protein (s71).

e Line 40 - Keyword FAT HYDROLYSIS DATA.
e On subsequent lines:

~ Aerobic hydrolysis rate constant for type 1 fats (s™').
— Anaerobic hydrolysis rate constant for type 1 fats (s71).
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— Aerobic hydrolysis rate constant for type 2 fats (s1).

— Anaerobic hydrolysis rate constant for type 2 fats (s71).
— Aerobic hydrolysis rate constant for type 3 fais (s™1).

— Anaerobic hydrolysis rate constant for type 3 fats (s™}).
— Optimum pH for fat hydrolysis.

— Constant in pH control factor for fat hydrolysis. The larger the value, the nar-
rower the pH range over which hydrolysis will occur.

— pH cut-off for fat hydrolysis. Below this value hydrolysis will not occur.
— Mass ratio of glycerol to FFAs in fat hydrolysis products.

— Unsaturated hydrolysis rate for type 1 fats (s71).

— Unsaturated hydrolysis rate for type 2 fats (s7!).

— Unsaturated hydrolysis rate for type 3 fats (s7!).

e Line 54 - Keyword AEROBIC BACTERIA DATA.

e On subsequent lines:

— Initial concentration of neutraphilic aerobes (gm™3).

— Maximum substrate (COD) utilisation rate by aerobes (s™1).

— Half-saturation constant for substrate utilisation by aerobes (gm™2).
— Aerobic biomass yield coeflicient (g biomass per g substrate).

— Aerobic biomass death rate (s™1).

— Optimum pH for neutraphilic aerobic activity.

— Constant in pH control factor for aerobic activity. The larger the value, the
narrower the pH range over which aerobic activity will occur.

— Initial concentration of alkaliphilic aerobes (gm™2).

— Maximum substrate (COD) utilisation rate by alkaliphilic aerobes (s71).

— Half-saturation constant for substrate utilisation by alkaliphilic aerobes (gm™3).
— Alkaliphilic aerobic biomass yield coeflicient (g biomass per g substrate).

— Alkaliphilic aerobic biomass death rate (s71).

— Optimum pH for alkaliphilic aerobic activity.
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— Constant in pH control factor for alkaliphilic aerobic activity. The larger the
value, the narrower the pH range over which aerobic activity will occur.

— Aerobic degradation switch. If this switch has a value less than or equal to 0.0,
instantaneous aerobic degradation occurs; otherwise Monod kinetics are used.

e Line 70 - Keyword DENITRIFYING BACTERIA DATA.

e On subsequent lines:

— Initial concentration of neutraphilic, organotrophic denitrifiers (gm™3).

— Maximum substrate (COD) utilisation rate by organotrophic denitrifiers (s™1).

— Half-saturation constant for substrate utilisation by organotrophic denitrifiers
(gm™?).

— Organotrophic denitrifier biomass yield coeflicient (g biomass per g substrate).

— Organotrophic denitrifier biomass death rate (s™1).

— Initial concentration of alkaliphilic, organotrophic denitrifiers (gm~3).

— Maximum substrate (COD) utilisation rate by alkaliphilic organotrophic deni-

— Half-saturation constant for substrate utilisation by alkaliphilic organotrophic
denitrifiers (gm™3).

— Alkaliphilic organotrophic denitrifier biomass yield coefficient (g biomass g
substrate™!).

— Alkaliphilic organotrophic denitrifier biomass death rate (s™!).

— Glucose degradation switch. If this switch has a value less than or equal to 0.0,
glucose can be consumed along with other substrates; otherwise only fermenta-
tion end products are consumed.

— Initial concentration of neutraphilic, Hy-consuming denitrifiers (gm™3).

— Maximum substrate (H,) utilisation rate by Ha-consuming denitrifiers (s™1).

— Half-saturation constant for substrate utilisation by H,-consuming denitrifiers
(gm™?).

— Hy-consuming denitrifier biomass yield coefficient(g biomass g substrate™!).

— Hy-consuming denitrifier biomass death rate (s71).
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— Initial concentration of alkaliphilic, Ho-consuming denitrifiers (gm™2).

— Maximum substrate (Hj) utilisation rate by alkaliphilic Hy-consuming denitri-
fiers (s71).

— Half-saturation constant for substrate utilisation by alkaliphilic Hy-consuming
denitrifiers (gm™3).

— Alkaliphilic Hj-consuming denitrifier biomass yield coefficient (g biomass g
substrate™!).

— Alkaliphilic Hy-consuming denitrifier biomass death rate (s71).

— Optimum pH for neutraphilic denitrifying activity.

~ Constant in pH control factor for neutraphilic denitrifying activity. The larger
the value, the narrower the pH range over which activity will occur.

— Optimum pH for alkaliphilic denitrifying activity.
— Constant in pH control factor for alkaliphilic denitrifying activity. The larger
the value, the narrower the pH range over which activity will occur.
e Line 96 - Keyword GLUCOSE ACIDOGEN DATA.

e On subsequent lines:

— Initial concentration of neutraphilic glucose fermenting biomass (gm™3).

— Maximum substrate (glucose) utilisation rate by glucose fermenting biomass
(s71).

— Half-saturation constant for substrate utilisation by glucose fermenting biomass
(gm~?).

— Glucose fermenting biomass yield coefficient (g biomass per g substrate).

— Glucose fermenting biomass death rate (s!).

- — Optimum pH for neutraphilic glucose fermenting activity.

— Constant in pH control factor for glucose fermenting activity. The larger the
value, the narrower the pH range over which activity will occur.

— Initial concentration of alkaliphilic glucose fermenting biomass (gm™3).

— Initial concentration of alkaliphilic ISA%* fermenting biomass (gm™3).

30Gee the note on ISA in Sec. 8.3.
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— Maximum substrate (glucose) utilisation rate by alkaliphilic glucose fermenting
biomass (s71).

— Half-saturation constant for substrate utilisation by alkaliphilic glucose ferment-
ing biomass (gm™?).

— Alkaliphilic glucose fermenting biomass yield coefficient (g biomass per g sub-
strate).

— Alkaliphilic glucose fermenting biomass death rate (s™).

— Optimum pH for alkaliphilic glucose fermenting activity.

— Constant in pH control factor for alkaliphilic glucose fermenting activity. The
larger the value, the narrower the pH range over which activity will occur.

e Line 112 - Keyword PEPTIDE ACIDOGEN DATA.

e On subsequent lines:

— Initial concentration of neutraphilic peptide fermenting biomass (gm™3).

— Maximum substrate (peptide) utilisation rate by peptide fermenting biomass
(s7)

— Half-saturation constant for substrate utilisation by peptide fermenting biomass
(gm~?).

— Peptide fermenting biomass yield coefficient (g biomass per g substrate).

— Peptide fermenting biomass death rate (s71).

— Optimum pH for neutraphilic peptide fermenting activity.

— pH factor for neutraphilic peptide fermenting activity.

— Initial concentration of alkaliphilic peptide fermenting biomass (gm™2).

— Maximum substrate (peptide) utilisation rate by alkaliphilic peptide fermenting
biomass (s71).

— Half-saturation constant for substrate utilisation by alkaliphilic peptide ferment-
ing biomass (gm™2).

— Alkaliphilic peptide fermenting biomass yield coefficient (g biomass per g sub-
strate).

— Alkaliphilic peptide fermenting biomass death rate (s71).
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— Optimum pH for alkaliphilic peptide fermenting activity.
— pH factor for alkaliphilic peptide fermenting activity.
— Molar ratio of acetic acid to VFAs in peptide fermentation products.

e Line 128 - Keyword GLYCEROL ACIDOGEN DATA.
e On subsequent lines.

— Initial concentration of neutraphilic glycerol fermenting biomass (gm™3).

— Maximum substrate (glycerol) utilisation rate by glycerol fermenting biomass
(s7™).

— Half-saturation constant for substrate utilisation by glycerol fermenting biomass
(gm™).

— Glycerol fermenting biomass yield coefficient (g biomass per g substrate).

— Glycerol fermenting biomass death rate (s™!).

— Optimum pH for neutraphilic glycerol fermenting activity.

— Constant in pH control factor for glycerol fermenting activity. The larger the
value, the narrower the pH range over which activity will occur.

— Initial concentration of alkaliphilic glycerol fermenting biomass (gm™3).

— Maximum substrate (glycerol) utilisation rate by alkaliphilic glycerol fermenting
biomass (s7!).

— Half-saturation constant for substrate utilisation by alkaliphilic glycerol ferment-
ing biomass (gm™?).

— Alkaliphilic glycerol fermenting biomass yield coeflicient (g biomass per g sub-
strate).

— Alkaliphilic glycerol fermenting biomass death rate (s™1).

— Optimum pH for alkaliphilic glycerol fermenting activity.

— Constant in pH control factor for alkaliphilic glycerol fermenting activity. The
larger the value, the narrower the pH range over which activity will occur.

— Molar ratio of acetic acid to VFAs in glycerol fermentation products.
e Line 144 - Keyword IRON REDUCING BACTERIA DATA.

e On subsequent lines.
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— Initial concentration of neutraphilic, organotrophic iron reducers (gm=3).

— Maximum substrate (COD) utilisation rate by organotrophic iron reducers (s~!).

— Half-saturation constant for substrate utilisation by organotrophic iron reducers
(gm™).

— Organotrophic iron-reducing biomass yield coefficient (g biomass per g sub-
strate).

— Organotrophic iron-reducing biomass death rate (s7!).

— Initial concentration of alkaliphilic, organotrophic iron reducers (gm=3).

— Maximum substrate (COD) utilisation rate by alkaliphilic organotrophic iron
reducers (s™1).

— Half-saturation constant for substrate utilisation by alkaliphilic organotrophic
iron reducers (gm™3).

— Alkaliphilic iron-reducing biomass yield coefficient (g biomass per g substrate).

— Alkaliphilic iron-reducing biomass death rate (s7!).

— Initial concentration of neutraphilic, Hy-consuming iron reducers (gm~3).

— Maximum substrate (Hy) utilisation rate by Hy-consuming iron reducers (s7}).

— Half-saturation constant for substrate utilisation by H,-consuming iron reducers
(gm™?).

— Hy-consuming iron-reducing biomass yield coefficient (g biomass per g sub-
strate).

— Ha-consuming iron-reducing biomass death rate (s71).

— Initial concentration of alkaliphilic, Ho-consuming iron reducers (gm™3).

~ Maximum substrate (H,) utilisation rate by alkaliphilic H,-consuming iron re-
ducers (s71).

— Half-saturation constant for substrate utilisation by alkaliphilic H,-consuming
iron reducers (gm~2).

— Alkaliphilic Hy-consuming iron-reducing biomass yield coefficient (g biomass g
substrate™!).

— Alkaliphilic Hy-consuming iron-reducing biomass specific death rate (s71).

— Optimum pH for neutraphilic iron-reducing activity.

2
1
Orig JG+ 06/2003 AP AP ISSUE 2
By Date Chkd. Appr. Description of Issue or Revision

BNFL] 5896D (Rev 11/84)




Project Numb
B N FI___ Program User’s Guide for the Code GRM, 0(;7;;01;7?7;;
Version 4.1 Page 140 of 247

— Constant in pH control factor for neutraphillic iron-reducing activity. The larger
the value, the narrower the pH range over which activity will occur.
— Optimum pH for alkaliphilic iron-reducing activity.

— Constant in pH control factor for alkaliphilic iron-reducing activity. The larger
the value, the narrower the pH range over which activity will occur.

e Line 169 - Keyword SULPHATE REDUCING BACTERIA DATA.

e On subsequent lines.

— Initial concentration of neutraphilic, organotrophic sulphate reducers (gm™3).

— Maximum substrate (COD) utilisation rate by organotrophic sulphate reducers
(s7).

— Half-saturation constant for substrate utilisation by organotrophic sulphate re-
ducers (gm™3).

— Organotrophic sulphate-reducing biomass yield coefficient (g biomass per g sub-
strate).

— Organotrophic sulphate-reducing biomass death rate (s™1).

— TInitial concentration of alkaliphilic, organotrophic sulphate reducers (gm—3).

— Maximum substrate (COD) utilisation rate by alkaliphilic organotrophic sul-
phate reducers (s7').

— Half-saturation constant for substrate utilisation by alkaliphilic organotrophic
sulphate reducers (gm™3).

— Alkaliphilic organotrophic sulphate-reducing biomass yield coefficient (g biomass
g substrate™!).

— Alkaliphilic organotrophic sulphate-reducing biomass death rate (s™*).

— Initial concentration of neutraphilic, Hy-consuming sulphate reducers (gm™3).

— Maximum substrate (Hs) utilisation rate by Hs-consuming sulphate reducers
(s |

— Half-saturation constant for substrate utilisation by Hs-consuming sulphate re-
ducers (gm™).

— Hy-consuming sulphate-reducing biomass yield coeflicient (g biomass g
substrate™).
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— Hj-consuming sulphate-reducing biomass death rate (s71).

— Initial concentration of alkaliphilic, Ho-consuming sulphate reducers (gm™3).

— Maximum substrate (H,) utilisation rate by alkaliphilic Hy-consuming sulphate
reducers (s71).

— Half-saturation constant for substrate utilisation by alkaliphilic Hy-consuming
sulphate reducers (gm™3).

— Alkaliphilic Hy-consuming sulphate-reducing biomass yield coefficient (g biomass
g substrate™!).

— Alkaliphilic Hy-consuming sulphate-reducing biomass death rate (s™!).
— Optimum pH for neutraphilic sulphate-reducing activity.

— Constant in pH control factor for neutraphillic sulphate-reducing activity. The
larger the value, the narrower the pH range over which activity will occur.

~ Optimum pH for alkaliphilic sulphate-reducing activity.

~ Constant in pH control factor for alkaliphilic sulphate-reducing activity. The
larger the value, the narrower the pH range over which activity will occur.

e Line 194 - Keyword ACETOGENIC BACTERIA DATA.

e On subsequent lines.

— Initial concentration of neutraphilic acetogens (gm™2).

— Maximum substrate (VFA) utilisation rate by acetogens (s™!).

~ Half-saturation constant for substrate utilisation by acetogens (gm™3).
~ Acetogenic biomass yield coefficient (g biomass g substrate™!).

— Acetogenic biomass death rate (s71).

~ Optimum pH for neutraphilic acetogenic activity.

— Constant in pH control factor for neutraphillic acetogenic activity. The larger
the value, the narrower the pH range over which acetogenic activity will occur.

— Initial concentration of alkaliphilic acetogens (gm™3).

— Maximum substrate (VFA) utilisation rate by alkaliphilic acetogens (s71).

— Half-saturation constant for substrate utilisation by alkaliphilic acetogens
(em™?).
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— Alkaliphilic acetogenic biomass yield coefficient (g biomass per g substrate).
— Alkaliphilic acetogenic biomass death rate (s71).
— Optimum pH for alkaliphilic acetogenic activity.
— Constant in pH control factor for alkaliphilic acetogenic activity. The larger the
value, the narrower the pH range over which acetogenic activity will occur.
e Line 209 - Keyword METHANOGENIC BACTERIA DATA.

e On subsequent lines.

~ Initial concentration of neutraphilic organotrophic methanogens (gm=3).

— Maximum substrate (acetic acid) utilisation rate by organotrophic methanogens
(s71).

— Organotrophic methanogenic biomass yield coeflicient (g biomass per g sub-
strate).

— Organotrophic methanogenic biomass death rate (s7?).
— Optimum pH for neutraphilic organotrophic methanogen activity.

— Constant in pH control factor for neutraphilic organotrophic methanogen activ-
ity. The larger the value, the narrower the pH range over which activity will
occur.

~ Initial concentration of alkaliphilic organotrophic methanogens (gm™3).

— Maximum substrate (acetic acid) utilisation rate by alkaliphilic organotrophic
methanogens (s™!).

— Alkaliphilic organotrophic methanogenic biomass yield coefficient (g biomass g
substrate™!).

— Alkaliphilic organotrophic methanogenic biomass death rate (s71).
— Optimum pH for alkaliphilic organotrophic methanogen activity.

— Constant in pH control factor for alkaliphilic organotrophic methanogen activity.
The larger the value, the narrower the pH range over which activity will occur.

— Initial concentration of neutraphilic Hy-consuming methanogens (gm™3).
—~ Maximum substrate (hydrogen) utilisation rate by Hp-consuming methanogens

(s71).
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— Hy-consuming methanogenic biomass yield coefficient (g biomass per g sub-
strate).

— Hj-consuming methanogenic biomass death rate (s71).
— Optimum pH for neutraphilic Hy-consuming methanogen activity.

— Constant in pH control factor for neutraphillic Hy-consuming methanogen ac-
tivity. The larger the value, the narrower the pH range over which activity will
occur.

— Initial concentration of alkaliphilic Ho-consuming methanogens (gm™3).

— Maximum substrate (hydrogen) utilisation rate by alkaliphilic Hs-consuming
methanogens (s™1).

— Alkaliphilic Hy-consuming methanogenic biomass yield coefficient (g biomass g
substrate™!).

— Alkaliphilic Hy-consuming methanogenic biomass death rate (s™1).

— Optimum pH for alkaliphilic Hy-consuming methanogen activity.

— Constant in pH control factor for alkaliphilic Hy-consuming methanogen activity.

The larger the value, the narrower the pH range over which activity will occur.
e Line 234 - Keyword OXYGEN REOXIDISER DATA.
e On subsequent lines.

— Initial concentration of neutraphilic reoxidising biomass (gm™3).

— Maximum substrate (COD) utilisation rate by reoxidising biomass (s™1).

— Half-saturation constant for substrate utilisation by reoxidising biomass (gm™3).

— Reoxidising biomass yield coefficient (g biomass g substrate™!).

— Reoxidising biomass death rate (s71).

— Optimum pH for neutraphilic reoxidising activity.

— Constant in pH control factor for neutraphillic reoxidising activity. The larger
the value, the narrower the pH range over which activity will occur.

— Maintenance factor for neutraphilic microbes (s™!).
— Initial concentration of alkaliphilic reoxidising biomass (gm™3).
— Maximum substrate (COD) utilisation rate by alkaliphilic reoxidising biomass

(s71).
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— Half-saturation constant for substrate utilisation by alkaliphilic reoxidising
biomass (gm™3).

~ Alkaliphilic reoxidising biomass yield coefficient (g biomass per g substrate).

— Alkaliphilic reoxidising biomass death rate (s™!).

— Optimum pH for alkaliphilic reoxidising activity.

— Constant in pH control factor for alkaliphilic reoxidising activity. The larger the
value, the narrower the pH range over which activity will occur.

— Maintenance factor for alkaliphilic microbes (s™1).

— Reoxidation switch. If this switch has a value less than or equal to 0.0, instan-
taneous reoxidation occurs; otherwise Monod kinetics are used.

e Line 252 - Keyword NITRATE REOXIDISER DATA.

e On subsequent lines:

— Initial concentration of neutraphilic nitrate reoxidising biomass (gm=3).

— Maximum substrate (COD) utilisation rate by nitrate reoxidising biomass (s71).

— Half-saturation constant for substrate utilisation by nitrate reoxidising biomass
(gm~?).

— Nitrate reoxidising biomass yield coefficient (g biomass per g substrate).

— Nitrate reoxidising biomass death rate (s™!).

— Optimum pH for neutraphilic nitrate reoxidising activity.

— Constant in pH control factor for neutraphillic nitrate reoxidising activity. The
larger the value, the narrower the pH range over which activity will occur.

— Maintenance factor for neutraphilic microbes (s™!).

— Initial concentration of alkaliphilic nitrate reoxidising biomass (gm™3).

— Maximum substrate (COD) utilisation rate by alkaliphilic nitrate reoxidising
biomass (s71).

— Half-saturation constant for substrate utilisation by alkaliphilic nitrate reoxidis-
ing biomass (gm™?).

— Alkaliphilic nitrate reoxidising biomass yield coeflicient (g biomass per g sub-

strate).
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— Alkaliphilic nitrate reoxidising biomass death rate (s71).
— Optimum pH for alkaliphilic nitrate reoxidising activity.

— Constant in pH control factor for alkaliphilic nitrate reoxidising activity. The
larger the value, the narrower the pH range over which activity will occur.

— Maintenance factor for alkaliphilic microbes (s71).
— Nitrate reoxidation switch. If this switch has a value less than or equal to 0.0,
instantaneous reoxidation occurs; otherwise Monod kinetics are used.
e Line 270 - Keyword AMMONIA REOXIDISER DATA.

e On subsequent lines:

— Initial concentration of neutraphilic ammonia reoxidising biomass (gm™3).

— Maximum substrate (COD) utilisation rate by ammonia reoxidising biomass
(s71).

— Half-saturation constant for substrate utilisation by ammonia reoxidising
biomass (gm™3).

— Ammonia reoxidising biomass yield coefficient (g biomass per g substrate).

— Ammonia reoxidising biomass death rate (s71).

— Optimum pH for neutraphilic ammonia reoxidising activity.

— Constant in pH control factor for neutraphillic ammonia reoxidising activity.
The larger the value, the narrower the pH range over which activity will occur.

— Maintenance factor for neutraphilic microbes (s71).

— Initial concentration of alkaliphilic ammonia reoxidising biomass (gm=3).

— Maximum substrate (COD) utilisation rate by alkaliphilic ammonia reoxidising
biomass (s7!).

— Half-saturation constant for substrate utilisation by alkaliphilic ammonia reoxi-
dising biomass (gm™2).

— Alkaliphilic ammonia reoxidising biomass yield coefficient (g biomass per g sub-
strate).

— Alkaliphilic ammonia reoxidising biomass death rate (s71).

~ Optimum pH for alkaliphilic ammonia reoxidising activity.
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— Constant in pH control factor for alkaliphilic nitrate reoxidising activity. The
larger the value, the narrower the pH range over which activity will occur.

— Maintenance factor for alkaliphilic microbes (s™1).
— Ammonia reoxidation switch. If this switch has a value less than or equal to 0.0,
instantaneous reoxidation occurs; otherwise Monod kinetics are used.

e Line 288 - Keyword TIME DATA.

e Time TENDBUG, beyond which microbial calculations are no longer required (yr). On
subsequent lines:
— Number (NBGDT) of variable microbial timesteps (maximum 10).
— The next line is repeated NBGDT times.
+ Endtime (yr) and microbial timestep (s) for this period.

e Line 290 + NBGDT - Keyword OTHER DATA.

e On subsequent lines:

— Minimum value for biomass concentrations (gm=2).

— Ionic strength of the solution.

— Degradable fraction of dead biomass.

— Molar ratio of FFAs to protein in recycled biomass.

— Molar ratio of acetic acid to VFAs in FFA decomposition products.
— Initial concentration of inert biomass (gm™3).

— Log dissociation constant for oxygen dissolution.

— DH factor for oxygen used in Van’t Hoff calculation.

— Log dissociation constant for nitrogen dissolution.

— DH factor for nitrogen used in Van’t Hoff calculation.

— Log dissociation constant for CH, dissolution.

— DH factor for CH4 used in Van’t Hoff calculation.

— Combined partial pressure of Ny and Ar gases in air (atm).

— Partial pressure of O, in air (atm).
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— Partial pressure of CO, in air (atm).

— O dissolution switch. O, is considered to be soluble if this switch is equal to 1;
otherwise it is insoluble.

— Ny dissolution switch. N is considered to be soluble if this switch is equal to 1;
otherwise it is insoluble.

— CHy dissolution switch. CHy is considered to be soluble if this switch is equal to
1; otherwise it is insoluble.

— Switch for temperature-dependence of hydrolysis. Hydrolysis is considered to be
temperature-dependent if this switch is equal to 1; otherwise it is temperature-
independent.

— Switch for temperature-dependence of methanogenesis. Methanogenesis is con-
sidered to be temperature-dependent if this switch is equal to 1; otherwise it is
temperature-independent.

— Switch for controlling use of Oy in pe calculations. The oxygen couple is included
in the redox cascade if this switch is equal to 1; otherwise O, is not included in
the calculations.

— Switch for controlling use of NOj in pe calculations. The nitrate couple is
included in the redox cascade if this switch is equal to 1; otherwise NOg3 is not
included in the calculations.

— Permeability of headspace cap (m®s~atm=1).
e Line 310 + NBGDT - Keyword TEMPERATURE ARRAY.

— The next NY lines contain the local temperatures (°C) for use in microbial cal-
culations. Each line contains NX terms. (NX and NY are the number of columns
and rows in the finite difference grid respectively).

e Line 311 + NY + NBGDT - Keyword MOISTURE CONTENT IN SATURATED ZONE.

e On subsequent lines:

— The next NY lines contain the moisture content in the saturated zone for each of
NX cells.

e Line 312 + NBGDT + 2NY - Keyword MOISTURE CONTENT IN UNSATURATED Z0NE.

e On subsequent lines:
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— The next NY lines contain the moisture content in the unsaturated zone for each
of NX cells.

e Line 313 + NBGDT + 3NY - Keyword SLUMPING FLAGS.
e On subsequent lines:

— The next NY lines contain flags for the waste settling calculations for each of NX
cells (=1 if waste settling is to occur in the cell). Note that the term slumping
is used as a synonym for waste settling within the code itself.

e Line 314 + NBGDT + 4NY - Keyword SLUMPING DENSITIES.
e On subsequent lines:

— Densities for the three types of cellulose (kgm™?).

— Densities for the three types of proteins (kgm™3).

— Densities for the three types of fats (kgm™3).

— The density of minerals (kgm™3).

— The density of iron (kgm™2)..

— The density of the corrosion product Fe,O3 (kgm™3).
— The density of the corrosion product Fe3Oy4 (kgm”3).
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12.4 grm.cem

This data file contains information required to model the dissolution of cements, specifi-
cally the incongruent dissolution of the calcium silicate hydrogel (CSH). It is only required
if the flag ICEM is set to 1 in the main data file grm.dat. An example file can be seen in
Appendix D. The format of the file is as follows:

e Line 1 - Caption (text unimportant).
e Line 2 - Number of mineral phases (NCEM) that constitute the CSH phase.
¢ Line 3 - Caption (text unimportant).
e Lines 4 to 3 + NCEM - Names of the CSH minerals.
o Line 4 + NCEM - Caption (text unimportant).
e Next NY lines (NY = number of rows, NX = number of columns):
1. Ca:Si ratio in each of the NX cells on the row.
e Next line - Caption (text unimportant).

e Next NY lines:

1. Concentration of CSH in each of the NX cells on the row (moll~! of porewater).
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-12.5 grm.cor

This file contains information for the corrosion module of the code. It is only required if
the flag YESCOR is set to 1 in the main data file grm.dat. An example file can be seen in
Appendix E. The format of the file is as follows:

e Line 1 - Caption (text unimportant).

e Line 2 - Density of mild steel (kgm™2).

e Line 3 - Caption (text unimportant).
e Line 4 - Initial saturated aerobic corrosion rate (ms™').

Line 5 - Caption (text unimportant).

e Line 6 - Initial saturated anaerobic corrosion rate (ms™').
e Line 7 - Caption (text unimportant).

e Line 8 - Initial unsaturated aerobic corrosion rate (ms™).
e Line 9 - Caption (text unimportant).

e Line 10 - Initial unsaturated anaerobic corrosion rate (ms™!).
e Line 11 - Caption (text unimportant).

e Line 12 - Minimum aerobic corrosion rate (ms™").

e Line 13 - Caption (text unimportant).

e Line 14 - Minimum anaerobic corrosion rate (ms™).

e Line 15 - Caption (text unimportant).

e Line 16 - Passivity rate (yr™').

e Line 17 - Caption (text unimportant).

Line 18 - Molecular weight of iron (gmol™').

Line 19 - Caption (text unimportant).

Line 20 - Average initial sphere radius (m).
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e Line 21 - Caption (text unimportant).
e Line 22 - Average initial plate thickness (m).
e Line 23 - Caption (text unimportant).
e Line 24 - Average initial rod radius (m).
e Line 25 - Caption (text unimportant).
e Line 26 - Average initial rod length (m).
e Line 27 - Caption (text unimportant).
e Next NY lines (NY = number of rows, NX = number of columns):
1. Initial mass of spheres (kg) in each of the NX cells on the row.
e Next line - Caption (text unimportant).
e Next NY lines:
1. Initial mass of plates (kg) in each of the NX cells on the row.
e Next line - Caption (text unimportant).
e Next NY lines:
1. Initial mass of rods (kg) in each of the NX cells on the row.
e Next line - Caption (text unimportant).
e Next NY lines:
1. Initial inventory of Fe,Oy (mol) in each of the NX cells on the row.
e Next line - Caption (text unimportant).

Next NY lines:

1. Initial inventory of FesO4 (mol) in each of the NX cells on the row.

Next line - Caption (text unimportant).

Next line - Fraction of Fe(OH); which forms colloids.

Next line - Caption (text unimportant).

Next line - pH threshold for formation of passivity layer.
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1.

12.6 grm.dat

This is the main data file for a GRM run. The following format refers to the use of PHREEQE
as the chemical solver (YESPC = 0). Section 12.7 gives details of format when using
PHREEQC. An example of a PHREEQE configured input file can be seen in Appendix F.1.
The format of the file is as follows:

e Line 1 - Keyword TITLE.
e Line 2 - Text describing current run (up to 70 characters).
e Line 3 - Keyword RUN TIME OPTIONS.

e Line 4:

YESCHM speciation flag. This should be set to 1 if speciation calculations are
required. Otherwise it must be zeroed.
YESBUG microbiology flag. This should be set to 1 if microbial calculations are
required. Otherwise it must be zeroed.
YESCOR corrosion flag. This should be set to 1 if corrosion calculations are
required. Otherwise it must be zeroed.
YESX ion-exchange flag. This should be set to 1 if ion-exchange calculations are
required. Otherwise it must be zeroed.

e Line 5:

1. IMDFLW: This should be set to 1 if MODFLOW/MODELCAD are used to specify the

finite-difference grid and flowfield (via files modf .xxx). Otherwise it must be
zeroed and the grid and the flowfield specified through the files grm.grd and
grm.flw respectively.

2. ITDBCS: This should be set to 1 if the boundary conditions file is given in the
time—dependent form (see Sec. 12.2). Otherwise it must be zeroed and the time—
independent form used.

3. IFKD: This should be set to 1 if pH-dependent sorption Ky4's are given in grm.kds
(see Sec. 12.14). Otherwise it must be zeroed and the species-dependent format
used.
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4. ISLVBK: This should be set to 1 if the implicit transport solver is used. Otherwise
it must be zeroed and the explicit solver is used. Note that the implicit solver
is disabled in the current version of the code and so this flag must be zeroed.

e Line 6:

1. YESPE: This should be set to 1 if pe calculations are required, otherwise it must
be zeroed.

2. PE02: If this is set to 1 then the oxygen redox couple is used to determine the
pe until such time as the oxygen runs out, when the pe is fixed at the value
PEHELD. Note that the flag is usually zeroed to enable a full pe calculation to be
performed (assuming YESPE = 1).

3. PEHELD: See previous item.

4. THSRDX: If this is set to 1 then HS™ formed within the microbial module is allowed
to react via redox reaction with Fe3* to give SO~ and Fe?* (see Sec. 8.16).
Otherwise the flag must be zeroed. '

e Line 7:

1. ISORCP sorption flag. If this is set to 1 then sorption is coupled to microelement
speciation (and there is no macroelement sorption; see Sec. 5.1). Otherwise the
flag must be zeroed and sorption and speciation are completely uncoupled (see
Sec. 5.2).

2. TH2NRM: If this is set to 1 then hydrogen is treated like the other gases in the
model. Otherwise, the flag must be zeroed and hydrogen is vented instanta-
neously to atmosphere at end of each microbial timestep (see Sec. 6.3).

3. ISPWRN: If this is set to 1 then a warning will be written to standard output
if a species present in significant quantities is not included in the transport
calculations. Otherwise the flag must be zeroed and the warning message is
suppressed.

4. IFE2CR: If this is set to 1 then Fe?* is formed in saturated anaerobic corrosion
(see Sec. 9.1). Otherwise the flag must be zeroed and Fe3* is formed.

e Line 8:

1. IREOX microbial reoxidation flag. This should be set to 1 if reoxidation of reduced
species/minerals is to be performed (see Sec. 8.14). Otherwise it must be zeroed.
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2. INLIM nitrogen limitation flag. If this is set to 1 then microbe growth is limited
by nitrogen availability. Otherwise the flag must be zeroed.

3. ICEM: This should be set to 1 if the dissolution of cement is to be modelled (see
Sec. 4.7). Otherwise it must be zeroed. '

4. IMSBAL: This should be set to 1 if nuclide mass balance calculations are required
(see Sec. 3.4). Otherwise it must be zeroed.

e Line 9:
1. ICHAIN: This should be set to 1 if decay chains are to be followed (see Sec. 10.1).
Otherwise it must be zeroed.

2. C14SWT: This should be set to 1 if C is to be followed (see Sec. 10.2). Otherwise
it must be zeroed.

3. IFLGH3: This should be set to 1 if tritium is to be followed (see Sec. 10.2.1).
Otherwise it must be zeroed.

4. IFLGRN: This should be set to 1 if ?*?Rn is to be followed (see Sec. 10.2.1).
Otherwise it must be zeroed.

e Line 10:

1. IDROP: This should be set to 1 if waste settling is to be modelled (see Sec. 3.6).
Otherwise it must be zeroed.

2. YESPC: - PHREEQC used. *!
3. YESSCM: - SCM modelled.
4. YESPPC: - Extra PHREEQC output produced.

o' Line 11 - Keyword INTEGER PARAMETERS.
e Line 12:

1. NE: The number of bulk (macro) elements
2. NC: The number of bulk (macro) species.

e Line 13:

1. NME: The number of microelements.

3l1Gee Appendix O for format changes when using PHREEQC.
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2. (NMSP(i) i=1,NME): The number of species containing each microelement.

e Line 14;

1. NEMIC: The number of microelements to be included in the bulk chemistry cal-
culations.

2. (NBLKMIC(i) i=1,NEMIC): The PHREEQE element identification numbers corre-
sponding to each microelement to be included in the bulk chemistry calculations.

e Line 15:

1. MACROM: The number of macrominerals included in the initial inventory.

2. MICROM: The number of microminerals included in the initial inventory.

3. NKIN: The number of minerals for which kinetic dissolution data is supplied.
4. NCOL: The number of colloidal types.

e Line 16 - Keyword MICROSPECIES ID NUMBERS.
o Next NMSP lines (NMSP = total number of microspecies):

Microspecies identification number.

The first flag is set to 1 if isotope number 1 is to be included in the calculations.
The second flag is set to 1 if isotope number 2 is to be included in the calculations.
The third flag is set to 1 if isotope number 3 is to be inciuded in the calculations.
The fourth flag is set to 1 if isotope number 4 is to be included in the calculations.
The fifth flag is set to 1 if isotope number 5 is to be included in the calculations.
The sixth flag is set to 1 if isotope number 6 is to be included in the calculations.

N o e e e

e Next line - Keyword MACRDELEMENT PHREEQE ID NUMBERS.
e Next line - PHREEQE identification numbers for each of the NE macroelements.

Next line - Keyword MACROSPECIES PHREEQE ID NUMBERS.

Next line - PHREEQE identification numbers for each of the NC macrospecies.
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e Next line - Keyword SPECIES SPECIFIC PHREEQE NUMBERS.

NOTE that the numbers in the following 7 lines should only be set if the relevant
species is transported. Otherwise they should be zeroed.

e Next line:

1. PHREEQE identification number for species CO3™.

2. PHREEQE identification number for species HCOj .
3. PHREEQE identification number for species HoCO3.
4. PHREEQE identification number for speciés CO; gas.

e Next line:

1. PHREEQE identification number for species CH;COO~ (ACET™).
2. PHREEQE identification number for species CH;COOH (ACET).

e Next line:

1. PHREEQE identification number for species HS™.
PHREEQE identification number for species H,S(aq).
PHREEQE identification number for species S?~.

. PHREEQE identification number for species H,S gas.
. PHREEQE identification number for species SO3 ™.

SRR

e Next line: A
1. PHREEQE identification number for species Oz(aq).
2. PHREEQE identification number for species NOjy .
3. PHREEQE identification number for species Cl™.
e Next line:
1. PHREEQE identification number for species RCOO~™ (PROP™).
2. PHREEQE identification number for species RCOOH (PROP).

e Next line:
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1. PHREEQE identification number for species Fe?*.
2. PHREEQE identification number for species Fe?*.

e Next line:

PHREEQE identification number for species NH .
PHREEQE identification number for species NHz(aq).
PHREEQE identification number for species NH,Cl.
PHREEQE identification number for species NH,NO;.
PHREEQE identification number for species NH,4SOy .
PHREEQE identification number for species NH; gas.

A i A e

e Next line - Keyword MICROMINERALS IN INITIAL INVENTORY.
e Next MICROM lines:

1. Name of micromineral. Note that these names must be identical to mxcrommerals
that appear in the PHREEQE database.

e Next line - Keyword MACROMINERALS IN INITIAL INVENTORY.
e Next MACROM lines:

1. Name of macromineral. Note that these names must be identical to macromin-
erals that appear in the PHREEQE database.

e Next line - Keyword TIME DATA.
e Next line - ENDTIME: Duration of the simulation (yr).
¢ Next line - Number of different transport timesteps (NDT)- Max 10.

e Next NDT lines:
1. Endtime for the transport timestep (yr).
2. Transport timestep to be used until the corresponding endtime (yr).
e Next line - TENDCHEM: Time beyond which the bulk chemistry is frozen and macro—
chemical calculations are no longer performed (yr).
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e Next line - Number of different speciation timesteps (NDS)- Max 10.

e Next NDS lines:

1. Endtime for the speciation timestep (yr).
9. Speciation timestep to be used until the corresponding endtime (yr).

e Next line - Number of different output frequencies (NTV)- Max 10.
e Next NTV lines:

1. Endtime for the use of the output frequency (yr).

2. Number of times at which output data is to be written. (Note that the total
number of output times for any run must not be greater than 300).

e Next line - Number of different pH output frequencies (NPHP)- Max 10.
e Next NPHP lines:

1. Endtime for the use of the pH output frequency (yr).
2. Frequency for the pH output to be used until the corresponding endtime (yr).

e Next line - Keyword RESTART DATA.

e Next line:

1. RSTTIME: Restart time. If the model time reaches RSTTIME then the restart files
are written out, and execution is terminated (yr).

9 RSTINT: If the model time reaches a whole number multiple of RSTINT then the
restart files are written out and execution continues (yr).

e Next line - Keyword PHREEQE CONVERGENCE TOLERANCE.
e Next line - Tolerance level ECLOSE for determining PHREEQE convergence (see Sec. 4.3).
e Next line - Keyword BACKWARD-DIFFERENCE TRANSPORT SOLVER DATA.

e Next line:- This data is currently irrelevant since the implicit transport solver is

disabled
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1. NITSOR: The maximum number of iterations performed in determining the solu-
tion of the transport equations. This parameter is only relevant if ISLVBK is set
to 1.

2. TOLSOR: Convergence parameter in establishing a solution to the transport equa-
tions. This parameter is only relevant if ISLVBK is set to 1.

3. OMEGA: Over-relaxation parameter used in solving the transport equations. This
parameter is only relevant if ISLVBK is set to 1.
e Next line - Keyword PRINT DATA.

e Next line:
1. NOUT: Number of species for which detailed output is required in the main output
file.

2. MASSOUT: Flag specifying the units used in the output. If MASSOUT is set to 1 then
mass units are output; otherwise concentration units are used. If MASSOUT is set
to 2 then total liquid concentrations for each macroelement are also output.

e Next line:

1. (NSOUT(i) i=1,NOUT): GRM species numbers for those species for which detailed
output is required in the main output file. '

e Next line - Number of species for which output is required external to the main
output file (NPRNS).

e Next NPRNS lines:

1. Names of the species for which output is required external to the main output
file. Note that these names must be identical to species that appear in the
PHREEQE database.

e Next line - Number of elements for which output is required external to the main
output file (NPRNE).

e Next NPRNE lines:

1. Names of the elements for which output is required external to the main output
file. Note that these names must be identical to elements that appear in the
PHREEQE database.
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e Next line - Number of cells at which output is required external to the main output
file (NPRNC).

e Next NPRNC lines:
1. Column number of a cell at which output is required external to the main output
file.
2. Row number of the cell.

e Next line - Number of times at which output is required external to the main output
file (NPRNT). (The simulation time is divided into NPRNT equal intervals, at the end

of each of which the output is written.)

e Next line - IPREXT. This flag is set to 1 if cumulative quantities of the specified
species crossing external boundaries are to be output.
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12.7 Changes to grm.dat for PHREEQC option

Use of the PHREEQC chemical speciation module in GRM ( YESPC = 1) requires modification
of the grm.dat file to include species names rather than index numbers. An example file
can be seen in Appendix F.2. The keywords used are listed below with detail of those
required for new PHREEQC format ( YESPC = 1).

e Line 1 - Keyword TITLE. (same as YESPC =0)
e Line 3 - Keyword RUN TIME OPTIONS. (same as YESPC =0)
Line 11 - Keyword INTEGER PARAMETERS.(same as YESPC =0)

Line 16 - Keyword MICROSPECIES NAMES. 32
Next line - Keyword MACROSPECIES NAMES.

e Next line - PHREEQC names for each of the NC macrospecies. FORMAT (6A12)
e Next line - Keyword MACROMINERAL NAMES .

e Next line - PHREEQC names for each of the NUMIN macrominerals to be considered in
the model. FORMAT (6A12)

e If Surface Complexation is included (SCM =1)

1. Next line - Keyword SURFACE SITES.

2. Next NSURF lines - For each surface the names of each surface site (NSCM(NSURF) )
FORMAT (6A12). The names of each surface site should use the PHREEQC format
[6] where the surface is identified by characters preceding an underscore character
and sites are identified by characters following the underscore e.g. Hfo_sOH

e If lon Exchange is included (YESX =1)

1. Next line - Keyword EXCHANGE SITES.
2. Next NIEX lines - The names of each exchange site.

e Next line - Keyword MICROMINERALS IN INITIAL INVENTORY. 33
e Next line - Keyword MACROMINERALS IN INITIAL INVENTORY.

1, keyword retained for future development

32Radioactive decay currently unsupported in version 4.1 for YESPC
1, keyword retained for future development

33 Radioactive decay currently unsupported in version 4.1 for YESPC

o
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e Next MACROM lines:

appear in the PHREEQC database.

e Next line - Keyword TIME DATA. (same as YESPC =0)
e Next line - TENDCHEM. (same as YESPC =0)

e Next line - Keyword PRINT DATA. (same as YESPC =0)

e Name of each macromineral, these names must be identical to macrominerals that

e Next line - Keyword PHREEQE CONVERGENCE TOLERANCE. (same as YESPC =0)
e Next line - Keyword IMPLICIT TRANSPORT SOLVER DATA. (same as YESPC :0)
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12.8 grm.dcy

This is the decay database for a GRM run. The nuclides are listed under master decay
chains, which form the basis for the nuclide subchains used in the code (see Sec. 10.1). At
the head of each master chain is a nuclide which cannot be ingrown. Each nuclide in the
chain decays to the succeeding one, although decay products of the final nuclide are not
followed. An example file can be seen in Appendix G. The format of the file is as follows:

e Line 1 - Number of master decay chains (NCHN).
e Line 2 - Number of nuclides in the first master decay chain (NCOM).

e Line 3 - Name of the first nuclide in master decay chain 1. Note that the nuclide
names in grm.dcy are for annotation purposes only, except for the case of radium-
226. This nuclide is the parent of radon-222 which can be treated as a soluble gas
within GRM (see Sec. 10.2.1). In order that radium-226 can be recognized as a source
for this gas through decay its name must be given as one of the following: Ra-226,
RA-226, Ra226 or RA226.

e Line 4:
1. PHREEQE element identification number for first nuclide in master decay chain 1.
2. Isotope number of first nuclide in master decay chain 1.
3. Half life of first nuclide in master decay chain 1 (yr).

e Lines 3 and 4 are repeated for each nuclide in the master decay chain: i.e., their
format is followed NCOM times.

e Lines 2 to 2 NCOM + 2 are repeated for each master decay chain: i.e., their format is
followed NCHN times.
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12.9 grm.fiw

This data file defines the groundwater flowfield used in a GRM run. It is only required if
the flag IMDFLW is set to 0 in the main data file grm.dat; otherwise the flowfield (and
grid) are specified using the MODELCAD/MODFLOW packages (via files modf . xxx).

Note that in the following file description, the ‘right face’ of cell (4, j) is the boundary
between cell (,7) and cell (¢ +'1,7), while the ‘front face’ is the boundary between cell
(1,7) and cell (i,7+ 1). An example flowfield file can be seen in Appendix H. The format
of the file is as follows:

e Line 1 - Keyword NUMBER OF FLOWFIELD PERIODS.
e Line 2 - Number of flowfield periods.

e Line 3 - Blank.

e Line 4 - Keyword ENDTIME FOR FLOWFIELD PERIOD.

e Line 5 - The endtime for the current flowfield period (yr). Note that if this is the last
flowfield period then the endtime must be greater than or equal to the simulation

endtime, as specified in grm.dat.

Line 6 - Keyword FLOWS THROUGH RIGHT FACES.

Lines 7 to 6 4+ NY (NY = number of rows, NX = number of columns):

1. Flows through the right-hand faces of each of the NX cells on the row (m*day™!).
If the right-hand face of a cell is an external boundary of the modelled domain,
then the right face flow should zeroed, with any flow represented using one of

the boundary flow types.
Line 7 + NY - Keyword FLOWS THROUGH FRONT FACES.

Lines 8 -+ NY to 7 + 2NY:

1. Flows through the front faces of each of the NX cells on the row (m3day™'). If
the front face of a cell is an external boundary of the modelled domain, then
the front face flow should zeroed, with any flow represented using one of the

boundary flow types.
Line 8 + 2NY - Keyword FLOWS INTO WELL CELLS.
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e Lines 9 4+ 2NY to 8 + 3NY:

1. External well flows into each of the NX cells on the row (m3day~1!). (Positive
values represent flow into the cell; negative values flow out of the cell.) The
name ‘well cell’ in this context has no physical significance. A flow entered here
could represent, for example, groundwater flow through an external boundary,
or seepage through the base of the modelled region.

e Line 9 4+ 3NY - Keyword FLOWS INTO RECHARGE CELLS.
e Lines 10 + 3NY to 9 + 4NY:

1. External recharge flows into each of the NX cells on the row (m®day~1). (Positive
values represent flow into the cell; negative values flow out of the cell.) Recharge
flows into the modelled domain are used to represent infiltration from above.
Thus, if a cell contains an unsaturated headspace (i.e., if the hydraulic head is
less than the elevation of the cell top), then any specified recharge flow may be
used to leach microelements from the unsaturated region (see Sec. 3.6).

e Line 10 4+ 4NY - Keyword FLOWS INTO CONSTANT HEAD CELLS.
e Lines 11 + 4NY to 10 + 5NY:

1. External constant head flows into each of the NX cells on the row (m*day~1).
(Positive values represent flow into the cell: negative values flow out of the cell.)
The name ‘constant head cell’ in this context has no physical significance. A flow
entered here could represent, for example, groundwater flow through an external
boundary, or seepage through the base of the modelled region.

e Line 11 + 5NY - Keyword POROSITIES.
e Lines 12 + 5NY to 11 + 6NY:
1. Porosities of each of the NX cells on the row.
e Line 12 + 6NY - Keyword LONGITUDINAL DISPERSIVITIES.
e Lines 13 + 6NY to 12 + 7NY:
1. Longitudinal dispersivity values (m) for each of the NX cells on the row.

e Line 13 4 7NY - Keyword TRANSVERSE DISPERSIVITIES.
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e Lines 14 + 7NY to 13 + 8NY:

1. Transverse dispersivity values (m) for each of the NX cells on the row.

e [ine 14 + 8NY - Blank.

e If there is more than one flowfield period, then the format of lines 4 to 14 + 8NY (from
the ENDTIME FOR FLOWFIELD PERIOD header onwards) is repeated for each flowfield
period in turn.
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12.10 grm.grd

This data file defines the finite-difference grid used in a GRM run. It is only required if the
flag IMDFLW is set to 0 in the main data file grm.dat; otherwise the flowfield (and grid)
are specified using the MODELCAD/MODFLOW packages (via files modf . xxx).

Note that in the following file description, the ‘right face’ of cell (4,7) is the boundary
between cell (4, ;) and cell (i 4+ 1,7), while the ‘front face’ is the boundary between cell
(,7) and cell (4,5 4+ 1). An example grid file can be seen in Appendix I. The format of
the file is as follows:

e Line 1 - Keyword NUMBER OF COLUMNS.

e Line 2 - Number of columns in the grid (NX).

e Line 3 - Keyword COLUMN GRID LINE CO-ORDINATES.
e Line 4:

1. The distances of each of the NX right-hand faces from the left-hand face of the
first column (m).

e Line 5 - Keyword NUMBER OF ROWS.
e Line 6 - Number of rows in the grid (NY).
e Line 7 - Keyword ROW GRID LINE CO-ORDINATES.
e Line 8:
1. The distances of each of the NY front faces from the back face of the first row
(m).
e Line 9 - Keyword ELEVATION OF CELL TOPS.
e Lines 10 to 9 + NY:

1. For each of the NX cells on a row, the elevations of the cell tops above some fixed
level are given (m).

e Line 10 + NY - Keyword ELEVATION OF CELL BOTTOMS.
e Lines 11 + NY to 10 + 2NY:
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1. For each of the NX cells on a row, the elevations of the cell bottoms are given,
above the same fixed level as was used to define the elevation of the cell tops

(m).
e Line 11 -+ 2NY - Keyword HYDRAULIC HEADS.
e Lines 12 + 2NY to 11 + 3NY:

1. For each of the NX cells on a row, elevations of the water table are given, above

the same fixed level as was used to define the elevation of the cell tops (m). Note
that a value of 999.99 can be entered to indicate that the relevant cell is inactive
(i.e., is impermeable to flow and does not take part in any calculations).
A value greater than the elevation of the cell top simply means that the cell
is fully saturated. However, if microelements are included in the run then the
method of inventory specification used in the code requires that no cells be fully
saturated. It would therefore be necessary to define a negligibly small headspace
in such fully saturated cells.
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12.11 grm.iex

This file contains ion-exchange data in cases where PHREEQE is used for chemical spe-
ciation. It is only required if ion-exchange calculations are to be performed in the GRM
run (i.e., if the flag YESX is set to 1 in the RUN TIME OPTIONS section of the main data
file grm.dat). Section 12.12 gives details of the format when using PHREEQC. An example
file can be seen in Appendix J.1. The format of the file is as follows:

e Line 1 - Caption (text unimportant).
e Line 2 - Number of types of ion-exchange sites (NIEX).
e Next NIEX lines: |

1. Name of each ion-exchange type. Note that these names must be identical to
names that appear in the PHREEQE database.

e Next line - Caption (text unimportant).
e Next line - Number of bulk (macro) ion-exchange species (NIEXSP).
e Next NIEXSP lines:

1. Name of each bulk ion-exchange species. Note that these names must be identical
to species that appear in the PHREEQE database.

e Next line - Caption (text unimportant).
* Next line - Number of ion-exchange microspecies (NIEXM).
e Next NIEXM lines:

1. Name of each ion-exchange microspecies. Note that these names must be iden-
tical to species that appear in the PHREEQE database.

e For each of the NIEX types of ion-exchange site:

— Next line - Caption (text unimportant).
— Next NY lines (NY = number of rows, NX = number of columns):

1. Cation exchange capacity (CEC) for this type of lon-exchange site in each of
the NX cells on the row (mol(eq)l~1).
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e Next line - Caption (text unimportant).

e Next line - Number of bulk (macro) ion-exchange species for which output is required
(OUTEXS).

e Next OUTEXS lines:

1. Name of each bulk ion-exchange species for which output is required. Note that
these names must be identical to species that appear in the PHREEQE database.

e Next line - Caption (text unimportant).
e Next line - Number of ion-exchange microspecies for which output is required (OUTEXM).

e Next OUTEXM lines:

1. Name of each ion-exchange microspecies for which output is required. Note that
these names must be identical to species that appear in the PHREEQE database.
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is as follows:

This file contains ion-exchange data when the PHREE
(YESPC =1). The file is only required if ion-exchange calculations are to be performed in
the GRM run (i.e., if the flag YESX is set to 1 in the RUN TIME OPTIONS section of the main
data file grm.dat). An example file can be seen in Appendix J.2. The format of the file

12.12 grm.iex PHREEQC option

o Caption (text unimportant).

QC chemical speciation module is used

For each NIEX Ion exchanger listed in grm.dat the following data are required

e Cation exchange capacity (CECQ) for this type of lon-exchange site in each of the NX
cells on the row (mol(eq)l™).
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12.13 grm.inv

This data file contains information on the initial site inventory for a GRM run. An example
file can be seen in Appendix K. The format of the file is as follows:

e Line 1 - Keyword SITE TEMPERATURE.

e Line 2 - Site temperature (°C). Except for the temperature values used in the micro-
bial calculations (see Sec. 12.3), this temperature is a single value used throughout
the model.

e For each microelement:

— For each isotope of the microelement:

% Next line - Keyword SOLID.
+ Next NY lines (NY = number of rows, NX = number of columns):
1. Concentrations of this isotope of this microelement in the solid phase in
each of the NX cells on the row (moll™! of porewater).
— Next line - Keyword LIQUID.

— Next NY lines:
1. Concentrations of this microelement in the liquid phase in each of the NX
cells on the row (moll™! of porewater).

— For each colloidal type:

x Next line - Keyword COLLOID.

* Next NY lines: _
1. Quantities of this microelement sorbed onto this type of colloid in each
of the NX cells on the row (kmol).

— Next line - Keyword ADSORB.

— Next NY lines:
1. Quantities of this microelement sorbed onto the geomatrix/waste in each of
the NX cells on the row (kmol).

o For each bulk (macro) element (excluding oxygen):

— Next line - Keyword LIQUID MACROSPECIES.
— Next NY lines:
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1. Concentrations of this macroelement in the liquid phase in each of the NX

cells on the row (moll™! of porewater).

e Next line - Keyword LIQUID MACROSPECIES.

e Next NY lines:
1. Oxygen concentrations in the liquid phase for each of the NX cells on the row

(moll~! of porewater).
e If tritium is to be followed in the simulation (i.e., if the flag IFLGHS is set to 1 in the

RUN TIME OPTIONS section of grm.dat) then:
— Next line - Keyword TRITIUM LIQUID CONCENTRATION.

— Next NY lines:
L. Initial concentration of tritium in each of the NX cells on the row (moll=! of

porewater)

e Lor each type of colloid:
— Next line - Keyword COLLOID.

— Next NY lines:
1. Quantities of this type of colloid present in each of the NX cells on the row

(kgm™3).

e Ior each type of colloid:
— Next line - Keyword RELEASE COEFFICIENT.

— Next NY lines:
1. Release coefficients for this type of colloid in each of the NX cells on the row.

e For the headspace gases (Note that inventories must be specified for seven gases and
that their order is hardwired as CO,, CHy, Hy, Ny, O,, H,S and NH;):

— Next line - Keyword PARTIAL PRESSURE.

— Next NY lines
1. Partial pressures of this gas in each of the NX cells on the row (atm).
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e For each type of cellulose (Note that the number of cellulose types is hardwired as
3):
— Next line - Keyword CELLULOSE.

— Next NY lines:
1. Masses of this type of cellulose in each of the NXcells on the row (kg).

e For each type of protein (Note that the number of protein types is hardwired as 3):

— Next line - Keyword PROTEINS.

— Next NY lines:
1. Masses of this type of protein in each of the NX cells on the row (kg).

e For each type of fat (Note that the number of fat types is hardwired as 3):

— Next line - Keyword FATS.

— Next NY lines:
1. Masses of this type of fat in each of the NX cells on the row (kg).

e Next line - Keyword PH ARRAY.

e Next NY lines:

1. Initial pH values for each of the NX cells on the row.
e Next line - Keyword PE ARRAY.

e Next NY lines:
1. Initial pe values for each of the NX cells on the row.
e For each micromineral present initially (as specified in the main data file grm.dat):

— Next line - Name of the micromineral as it appears in the PHREEQE database (and
also in the main data file grm.dat). This name should be written as a keyword

(i.e., preceeded by an asterisk).
— Next NY lines:
1. Concentrations of this micromineral in each of the NX cells on the row (moll™!
of porewater).
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e For each macromineral present initially (as specified in the main data file grm.dat):

— Next line - Name of the macromineral as it appears in the PHREEQE database
(and also in the main data file grm.dat). This name should be written as a
keyword (i.e., preceeded by an asterisk).

— Next NY lines:
1. Concentrations of this macromineral in each of the NX cells on the row (moll™!
of porewater).

e In the case of Surface Complexation (YESSCM =1) (Example Appendix K.1 ) for each
surface type present (as specified in the main data file grm.dat NSURF):
1. Next line Caption (Text unimportant)
2. Next line Specific surface area of the surface type in each of the NX cells on the
row (m?g™1).
3. Next line Caption (Text unimportant)
4. Next line Mass of the surface type in each of the NX cells on the row (g).
5. For each surface site on the surface type NSCM)

(a) Next line Caption (Text unimportant)
(b) Next line Site density of surface site in each of the NX cells on the row (sites
per nm?).

e Next line - Keyword DENSITY OF WASTE.
e Next NY lines:
1. Bulk density of the waste/soil matrix in each of the NX cells on the row (kgm™3).
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12.14 grm.kds

This data file contains sorption information. It may take either of two forms (see Sec. 5),
depending on whether species—dependent or pH-dependent sorption has been specified for
the microelements (the choice is made using the flag IFKD in the main data file grm.dat).
The means of specification of microspecies sorption data is identical in both cases. For
each species or element, six sets of sorption data are provided. Each cell is then assigned
a sorption type index to identify which of these data sets should be used within the cell.

As described in Sec. 3.6, there are two models available in the GRM code for the release
of microspecies from the unsaturated region. Although release coefficients appear in the
present input file, they do so for historical reasons only. The actual values used are taken
from the grm.rel input file. Thus, the entries in grm.kds are needed for formatting
reasons only, their values being irrelevant.

12.14.1 Species—dependent form

This form of grm.kds is used if the flag IFKD is set to 0 in the main data file grm.dat.
For macrospecies, a default set of sorption data is read. This may be followed by data for
individual macrospecies which overrides the default set.

The situation for microspecies is similar, except that default data may also be set at
the elemental level. Thus, all microspecies are initially assigned the default microspecies
data. Should default microelement data be specified then the microspecies defaults are
overridden for all species of the microelement. Finally, should individual microspecies data
be specified then both the microspecies and microelement defaults are overridden. The
scheme allows for an economic definition of sorption data when individual microspecies

sorption characteristics may be unknown.
An example file can be seen in Appendix L.1. The format of the file is as follows:

e Line 1 - Keyword SORPTION TYPE IN EACH CELL.

o Next NY lines (NY = number of rows, NX = number of columns):
1. Sorption type indices for each of the NX cells on the row.

e Next line - Blank.

e Next line - Keyword DEFAULT MACROSPECIES SORPTION DATA.

e Next 6 lines (The ¢ th of these lines corresponds to sorption type i)
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Dummy number to aid user (this is not used within the code).

Distribution coefficient (Kg) for sorption onto the geomatrix/waste (m3kg™?).
Rate constant for sorption onto the geomatrix/waste (s™1).

Release coefficient from the unsaturated region (not used - see above).
Distribution coefficient (k) for sorption onto colloidal type 1 (m3kg1).
Rate constant for sorption onto colloidal type 1 (s™?).

Distribution coefficient (Kj) for sorption onto colloidal type 2 (m3kg™1).
Rate constant for sorption onto colloidal type 2 (s71).

© X NSO W N

Distribution coefficient (K,) for sorption onto colloidal type 3 (m3kg~?).

oy
e

Rate constant for sorption onto colloidal type 3 (s71).

e Next line - Blank.

e Next line - Keyword INDIVIDUAL MACROSPECIES SORPTION DATA.

e For each macrospecies for which individual sorption data is to be specified:

— Next line - Number of the species as it appears in the PHREEQE database. The
number 0 is used to indicate that there is no more individual macrospecies data
to be read.

— The next 6 lines give sorption data in the same format as the default data above.
e Next line - Blank.
e Next line - Keyword DEFAULT MICROSPECIES SORPTION DATA.
e The next 6 lines give default microspecies data as above for default macrospecies.
e Next line - Blank.
e Next line - Keyword DEFAULT MICROELEMENT SORPTION DATA.
e For each microelement for which individual sorption data is to be specified:

— Next line - Number of the microelement as it appears in the PHREEQE database.
The number 0 is used to indicate that there is no more individual microelement
data to be read.
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— The next 6 lines give sorption data in the same format as the default data above.

e Next line - Blank.
e Next line - Keyword INDIVIDUAL MICROSPECIES SORPTION DATA.
e For each microspecies for which individual sorption data is to be specified:

— Next line - Number of the microspecies (e.g., 30101). The number 0 is used to
indicate that there is no more individual microspecies data to be read.

— The next 6 lines give sorption data in the same format as the default data above.

12.14.2 pH-dependent form

This form of grm.kds is used if the flag IFKD is set to 1 in the main data file grm.dat.
For macrospecies, a default set of sorption data is read. This may be followed by data for
individual macrospecies which overrides the default set.

Microelement data is specified in a similar way, except that the Kq4's for sorption onto
the geomatrix/waste are allowed to vary with pH according to the empirical rise function

of Egs. 60 and 61.
An example file can be seen in Appendix L.2. The format of the file is as follows:

e Line 1 - Keyword SORPTION TYPE IN EACH CELL.
e Next NY lines (NY = number of rows, NX = number of columns):
1. Sorption type indices for each of the NX cells on the row.
e Next line - Blank.
e Next line - Keyword DEFAULT MACROSPECIES SORPTION DATA.
e Next 6 lines (The i th of these lines corresponds to sorption type i.):

1. Dummy number to aid user (this is not used within the code).

Distribution coefficient (K) for sorption onto the geomatrix/waste (m®kg™1).
Rate constant for sorption onto the geomatrix/waste (s™').

Release coefficient from the unsaturated region (not used — see above).

Distribution coefficient (Ky) for sorption onto colloidal type 1 (m’kg ™).

AR R
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6. Rate constant for sorption onto colloidal type 1 (s71).

7. Distribution coefficient (K4) for sorption onto colloidal type 2 (m®*kg™?).

8. Rate constant for sorption onto colloidal type 2 (s™1).

9. Distribution coefficient (Ky) for sorption onto colloidal type 3 (m3kg™!).
10. Rate constant for sorption onto colloidal type 3 (s71).

e Next line - Blank.
e Next line - Keyword INDIVIDUAL MACROSPECIES SORPTION DATA.
e For each macrospecies for which individual sorption data is to be specified:

~ Next line - Number of the species as it appears in the PHREEQE database. The
number 0 is used to indicate that there is no more individual macrospecies data
to be read.

— The next 6 lines give sorption data in the same format as the default data above.
e Next line - Blank.
e Next line - Keyword DEFAULT MICROELEMENT SORPTION DATA.
e Next 6 lines (The i th of these lines corresponds to sorption type i.):

1. Dummy number to aid user (this is not used within the code).

2. Parameter a in Eq. 61 for the distribution coefficient describing sorption onto
the geomatrix/waste.

3. Parameter b in Eq. 61 for the distribution coefficient describing sorption onto
the geomatrix/waste.

4. Parameter ¢ in Eq. 61 for the distribution coefficient describing sorption onto
the geomatrix/waste.

5. Parameter d in Eq. 61 for the distribution coefficient describing sorption onto
the geomatrix/waste.

6. Rate constant for sorption onto the geomatrix/waste (s71).
7. Release coefficient from the unsaturated region (not used - see above).
8. Distribution coefficient (Kj) for sorption onto colloidal type 1 (m3kg™?).
9. Rate constant for sorption onto colloidal type 1 (s™!).
2
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10. Distribution coefficient (k) for sorption onto colloidal type 2 (m®kg™!).
11. Rate constant for sorption onto colloidal type 2 (s™1).
12. Distribution coefficient (K4) for sorption onto colloidal type 3 (m*kg™).

13. Rate constant for sorption onto colloidal type 3 (s™1).
e Next line - Blank.
e Next line - Keyword INDIVIDUAL MICROELEMENT SORPTION DATA.
e For each microelement for which individual sorption data is to be specified:

— Next line - number of the microelement as it appears in the PHREEQE database.
The number 0 is used to indicate that there is no more individual microelement

data to be read.
— The next 6 lines give sorption data in the same format as the default microele-
ment data above.
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12.15 grm.kin

This file contains the data required for the kinetic mineral dissolution calculations of
Sec. 4.8. It is only required if there are kinetic minerals included in the run: i.e., if NKIN
has a value greater than zero in the INTEGER PARAMETERS section of the main data file
grm.dat. An example file can be seen in Appendix M. The format of the file is as follows:

e For each of the NKIN kinetic minerals:
1. Name of the kinetic mineral. Note that these names must be identical to minerals
that appear in the PHREEQE database.
2. The constant k, from Eq. 57.
3. The constant k, from Eq. 57.
4. The constant k3 from Eq. 57.

Note that the above items are format sensitive. Item 1 is a string of 12 characters and
items 2 to 4 are read in with the FORTRAN format D12.4.
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12.16 grm.phr

This file contains thermodynamic data, which are required in many GRM calculations, no-
tably those of chemical speciation. The file should be written in the standard PHREEQE
database format [5], with the addition of microspecies. It should not be necessary, how-
ever, for the GRM user to generate the file by hand. A utility program is available which
enables PHREEQE database files to be generated automatically.

The program is called PICKER and is described in Ref. [62]. It selects from a quality—
assured thermodynamic database the data relevant to the reactions involving the specified
elements or master species. At present the NIREX database is used [63]. The NEA12
database [10] has now also become available and an additional option for its use will be
introduced into PICKER in the near future. The program is executed using the following
command:

/home/trivedi/bin/picker

This command file could be copied into the user’s /home/bin/ directory for ease of use. If
the command is typed without any arguments then the following on-screen message will

be displayed:
picker: [-slm] [-I<file>] [-0<file>]

options

s Use standard database (default)
m use modified database

I <file> Input file

0 <file> Output file

The various flags are described below.

-s Selects the standard NIREX database as received by BNFL from AEA Technology at
Harwell. This database was described in detail by Cross et al [63].

-m Selects a modified version of the NIREX database in which the redox states of some
of the bulk chemicals have been separated.

-I Followed by the name of a file, this flag specifies an input file name. The default name
is pick.inp.
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-O Followed by the name of a file, this flag specifies an output file name. The default
name is pick.out.

The input file lists the species for which data is required. The format of this file
1s straightforward. The first n lines contain the names of the n macroelements to be
considered. These should be followed by two blank lines and then m further lines which
list the names of the m microelements to be considered. One more blank line is required,
followed by a line which simply contains the word END.

If the input file were saved as test.inp, for instance, and one wished to run PICKER
using the modified database, then the command would be:

picker -m -I test.inp -0 test.out

This would produce the file test.out in the current directory, provided that such a file
did not previously exist. The output file is suitable for direct input into the GRM code
(after being renamed grm.phr).

Following generation of grm.phr the user should consider which mineral phases would
realistically be formed under the conditions modelled. The GRM code precipitates the most
stable mineral phases included in grm.phr. However, such phases may not actually form
in practice owing to kinetic constraints.
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12.17 grm.rel

follows:

— Next line:

1. The PHREEQE identification number for this microelement.
2. Effective solubility limit for use with the mechanistic model (moll™?) (this is
the parameter ¢, of Sec. 3.6).

3. Distribution coefficient for use with the mechanistic model (m®kg™!) (this is
the parameter K, of Sec. 3.6). ‘

4. Release coefficient for use with the simple linear model (this is the dimen-
sionless parameter r of Sec. 3.6).

— Next NY lines (NY = number of rows, NX = number of columns):
1. Release model flags for each of the NX cells on the row. Values of 0 indicate
that the simple linear model is to be used in the cell; values of 1 are used to
select the more mechanistic model.

e The following format is repeated NMREL times:

This input file is the database for nuclide release from the unsaturated region within a
GRM run. The file is required whenever microelements are included in a run. Release is
performed on an elemental level: i.e., the rate of release of a particular microelement is the
same for all isotopes and species of that element. There are two release models available
within the GRM (see Sec. 3.6), a simple linear model, and a more mechanistic treatment.
The model to be used for each radioelement in each finite—difference cell is selected by

flags in the current file.
An example grm.rel file can be seen in Appendix N. The format of the file is as

e Line 1 - Number of microelements in the release database (NMREL). Note that this
should be equal to the number of microelements in the simulation, as specified in the

main data file grm.dat.
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12.18 modf.cbb, modf.cbw, modf.crc and modf.grd

These files contain the data that describes the finite-difference grid and the flowfield in
cases where such data is generated using the MODFLOW [18] and MODELCAD [19] packages.
The use of these codes is signalled to GRM by setting the flag IMDFLW to 1 in the RUN TIME
OPTIONS section of the main data file grm.dat.

MODELCAD is used to generate the finite—difference grid and various boundary condition
and cell property data. After a grid has been generated by MODELCAD, a file with extension
-grd is produced. This is an ASCII formatted DOS file and contains the following data:

e The number of rows, columns (and layers) in the grid;

e The z- and y-coordinates of the grid lines (the position of the first grid line in each
case is not given since these are assumed to lie along the axes);

® An array is given which contains information about each of the cells. This can be
used to identify any inactive cells in the grid; and,

e Various zones can be defined for each of the following properties:

Conductivity;
Storage;
Specific yield;
Porosity;
Leakance;

Top elevation;

. Bottom elevation;

© NS U s W e

Evapotranspiration; and,

©

Dispersivity,

with those in italics being relevant in a GRM model. The zoning system of MODELCAD allows
for variation in the aquifer properties across the grid. For instance, it is possible to slope
the aquifer by defining zones of differing top and bottom elevations.

Once the grid and associated data have been determined then the groundwater flow
field can be calculated (again externally to the GRM) by using the MODFLOW [18] package.
This results in the output of volumetric flows in each cell to an unformatted file with
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suffix .cbb. This file should be renamed modf . cbb and is read by the GRM during the data

initialisation stage.
The boundary conditions within GRM fall into two categories:

1. groundwater flowfield boundary conditions; and,
2. chemical speciation boundary conditions.

Conditions in the second of these categories are specified within file grm.bcs (see Sec. 12.2).
Conditions falling into the first of the above categories can be set within MODFLOW and the
corresponding output files are simply picked up by GRM during its input stage. MODFLOW
(and GRM) allow for three possible types of flowfield boundary condition (constant head,
wells and recharge). If one or more constant head cells have been specified, then an extra
block of data appears in the .cbb file, which contains the boundary flows within such
cells. If one or more well cells are specified, then an unformatted .cbw file is created.
Although the file describes flows at every cell in the model, only those designated as well
cells will have non-zero flow values. Recharge cells are handled similarly to well cells, the
appropriate MODFLOW file having the suffix . crc.

Note that time—-dependent flows are not catered for when using MODFLOW input files.
Thus, the specified flowfield and any specified flow boundary conditions are operative for

the entire simulation period.
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13 Output Files

A list of all the possible GRM output files is given in Table 4 below. All but two of the
output files are optional, and their creation depends on various flags and print parameters
which are set in the main input file grm.dat. The second column of the table indicates
the relevant flags and print parameters for each file.

Name Optional?
grm.out No

gen.out No

grm.bal Yes (IMSBAL=1)

chain.out Yes (ICHAIN=1 and NME>0)
chtot.out Yes (ICHAIN=1 and NME>0)

extsp.* Yes (IPREXT=1 and NPRNS>0)
extspw. * Yes (IPREXT=1 and NPRNS>0)
extspr. * Yes (IPREXT=1 and NPRNS>0)
extsph. * Yes (IPREXT=1 and NPRNS>0)
extel.x Yes (IPREXT=1 and NPRNE>0)
extelw.x* Yes (IPREXT=1 and NPRNE>0)
extelr.* Yes (IPREXT=1 and NPRNE>0)

)

macel.c* Yes (NPRNE>0 and NPRNC>0)

(
(
(
(
(
(
(
(
g
extelh.* Yes (IPREXT=1 and NPRNE>0
(
(
(
(
(
(
(
(
(

spec.c* Yes (NPRNS>0 and NPRNC>0)
*out . c* Yes (NPRNE>0 and NPRNC>0)
macel.t* Yes (NPRNE>0 and NPRNT>0)
micel.t* Yes (NPRNE>0 and NPRNT>0)
spec.t* Yes (NPRNS>0 and NPRNT>0)
phreeqc.out | Yes (YESPC= 1 and YESPPC= 1)
RESTART Yes (see Sec. 11.3)

RESTART1 Yes (see Sec. 11.3)

Table 4: GRM output files.

The contents of each output file are intended to be self-explanatory. However, for
completeness, the various files are summarised in the following sections.
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13.1 grm.out

This is the main GRM output file. If an error occurs during execution then a brief descrip-
tion of the problem is written at the foot of this file (see Sec. 11.5). All being well, however,
the file will first echo some of the input data and then give a description of the state of
the system at the print out times defined in the main data file grm.dat. The description
includes the current inventories of microbial®!, chemical and nuclear components.

The user should note that grm.out can be a large file and so it is often convenient to
interrogate it with tools such as UNIX awk scripts.

The contents of the file are briefly described below, in the order in which they appear.
Some of the items may or may not appear in the output file, according to whether the
appropriate flag has been set (for example, the tritium inventory would not be written
if IFLGH3 were set to 0, so that tritium was not followed in the run). Units for the
various quantities are given as part of headers within the file, and may depend on the
print parameters selected in the input files:

e A header, which includes the current version number of the code and the date on
which it was run;

e The title of the run;

e A summary of the options selected within the RUN TIME OPTIONS section of the main
input file grm.dat;

e The numbers of macroelements, microelements and species included in the run;
e The number of microelements that are involved in bulk chemistry calculations;

e The numbers of macrominerals and microminerals that are included in the initial
inventory;

e The number of types of colloid;
e A list of any microelements that are involved in bulk chemistry calculations;
e A summary of the finite—difference grid data, consisting of the following items,

— The number of rows and columns;

— The number of inactive cells;

34Gee the note on references to ISA in Sec. 8.3.
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— The grid co-ordinates; and,
— The positions of the cell tops and bottoms, relative to some fixed level.
e A summary of the flowfield data, consisting of the following items for each flowfield
period,
— The flows through the right-hand faces and the front faces of each cell;
— The external flows (recharge, well and constant head) for each cell;
— The cell porosities; and,
— The longitudinal and transverse dispersivities.

e Lists of the transported macrospecies and microspecies;

e Lists of the macrominerals and microminerals that are included in the initial inven-
tory;

e Lists of the SCM and ion-exchange names for PHREEQC;
e A list of all nuclide subchains used in the code;
e At each print time the following data is written,

— The bulk element concentrations in each cell;
— The tritium liquid concentrations in each cell;
— The Rn-222 liquid concentrations in each cell;
— The nitrogen liquid concentrations in each cell;
— The methane liquid concentrations in each cell;

— The liquid, colloidal and adsorbed amounts of species for which detailed output
has been requested (by means of the grm.dat file);

— The amounts of bulk and micro ion-exchange species in each cell;
— The total amount of waste material;

— The total mass of all colloidal material;

— The amounts of each colloidal type;

— If microbial calculations are performed then the following data is given,
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* The amounts of each type of cellulose in the unsaturated and in the saturated
zones;

+ The amounts of each type of protein in the unsaturated and in the saturated

Zones;

The amounts of peptides;

The amounts of glycerol;

The amounts of ISA;

The amounts of FFA;

The amounts of each type of fat in the unsaturated and in the saturated

Zones;

The amounts of glucose;

The amounts of inert biomass;

The populations of non-alkaliphilic aerobic bacteria;

The populations of non-alkaliphilic Hy-consuming denitrifying bacteria;

The populations of non-alkaliphilic organotrophic denitrifying bacteria;

The populations of non-alkaliphilic Hy-consuming sulphate-reducing bacte-

ria;

The populations of non-alkaliphilic organotrophic sulphate-reducing bacte-

ria;

The populations of non-alkaliphilic organotrophic glucose acidogen bacteria;

The populations of non-alkaliphilic organotrophic peptide acidogen bacteria;

The populations of non-alkaliphilic organotrophic glycerol acidogen bacteria;

The populations of non-alkaliphilic acetogenic bacteria;

The populations of non-alkaliphilic Hp-consuming methanogenic bacteria;

+ The populations of non-alkaliphilic organotrophic methanogenic bacteria;

+ The populations of non-alkaliphilic Ho-consuming iron-reducing bacteria;

+ The populations of non-alkaliphilic organotrophic iron-reducing bacteria;

* The populations of non-alkaliphilic oxygen reoxidising bacteria;

+ The populations of non-alkaliphilic nitrate reoxidising bacteria;

« The populations of alkaliphilic aerobic bacteria;

+ The populations of alkaliphilic Ho-consuming denitrifying bacteria;

+ The populations of alkaliphilic organotrophic denitrifying bacteria;

¥ K K X ¥ K S R

*

L S S
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* The populations of alkaliphilic Hy-consuming sulphate-reducing bacteria;
* 'The populations of alkaliphilic organotrophic sulphate-reducing bacteria;
* The populations of alkaliphilic organotrophic glucose acidogen bacteria;
* The populations of alkaliphilic organotrophic ISA acidogen bacteria;

* The populations of alkaliphilic organotrophic peptide acidogen bacteria;
* The populations of alkaliphilic organotrophic glycerol acidogen bacteria:
* The populations of alkaliphilic acetogenic bacteria;

* The populations of alkaliphilic Ho-consuming methanogenic bacteria;

* The populations of alkaliphilic organotrophic methanogenic bacteria;

* The populations of alkaliphilic H,-consuming ironwreduéing bacteria;

* The populations of alkaliphilic organotrophic iron-reducing bacteria;

* The populations of alkaliphilic oxygen reoxidising bacteria;

* The populations of alkaliphilic nitrate reoxidising bacteria; and,

* The total amount of biomass in each cell.

— The amounts of macrominerals and microminerals in each cell;

— The amounts in each cell of each microelement in solution, as colloids, as ad-
sorbed material and as minerals;

— The amounts in each cell of each microelement in the unsaturated and in the
saturated zones;

— The total amounts of each microelement in each cell;

— The isotope fractions in each cell for each microelement in the unsaturated and
in the saturated zone;

— The amounts of Fe;O3 and Fe3O, in the unsaturated zone;

— The amounts in each cell of uncorroded iron in the unsaturated and in the
saturated zone;

— The partial pressures in each cell of each type of headspace gas, including water
vapour, tritiated water vapour and radon;

— The total gas pressures in each cell in the headspace;

— The total amounts of each type of gas evolved in each cell by that time, including
data for tritiated water vapour and radon;
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— The current rate of evolution in each cell of each type of gas, including data for
tritiated water vapour and radon;

— The active fractions in each cell of carbon—containing macrospecies and macromin-
erals;

— The active fractions in each cell of vented carbon dioxide and methane;

— The active fractions in each cell of inert biomass;

— The total amounts of each bulk element;

— The total amounts of each type of gas evolved;

— The total amount of carbon dioxide drawn in from the atmosphere;

— The total amounts of each type of protein and of each type of cellulose;

— The total amounts of peptides, glycerol, ISA and FFA,;

— The total amount of biomass;

— The total amounts of recycled and of inert biomass;

— The total amount of each macromineral;

— The total amount of carbon 14 in each macromineral;

— The total amount of carbon 14 in each carbon-containing macrospecies;
— The total amounts of carbon 14 in CO3~, CH3COO~ and RCOO~;

— The total amount of carbon 14 in each type of protein, fat and cellulose;

— The total amounts of carbon 14 in glycerol, ISA, FFA, glucose, peptides, inert
biomass and headspace and vented carbon dioxide and methane;

— The total amounts of carbon 14 lost to the external environment through well,
recharge and constant head flows;

— The total amount of sorbed carbon 14; and,
— The total amount of carbon 14 in the saturated zone.
e The following information is also written at every pH print time, as defined through
the main data file grm.dat,
— The pH and the pe in each cell; and,

— The dominant redox couples currently being used to calculate the pe of each cell.
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13.2 grm.bal

This file gives detailed information about the evolution of microelement inventories with

time. Its main purpose is to provide a mass balance check on the GRM calculations. The

file provides data at each of the print out times defined in the main data file grm.dat.
The contents of the file are briefly described below, in the order in which they appear:

e The title of the run; and,

e At each print time, the current time is written (yr), along with the following data
for each microelement:
— The total initial inventory (kmol);

— The total amount that has entered the model domain from the external environ-
ment (kmol);

— The total amount that has left the model domain and entered the external
environment (kmol);

— The current total inventory (kmol);

— The change in the microelement inventory due to radioactive decay and ingrowth
(kmol); and,

— Any imbalance between the above data is written as an absolute value (kmol) and
as a percentage of the initial inventory plus the total entered from the external

environment.
2
1
Orig JG+ 06/2003 AP AP ISSUE 2
By Date Chkd. Appr. Description of Issue or Revision

BNFL] 5896D (Rev 11/84)



BNFL

Program User’s Guide for the Code GRM,
Version 4.1

Project Number
00/EN0127/7/1
Page 194 of 247

13.3 chain.out

This file gives information for the decay subchains described in Sec. 10.1. It provides data
on the boundary flows and on the concentrations of all components of all subchains at
each of the print out times defined in the main data file grm.dat. The data in this file
may be used to calculate nuclide fluxes leaving the modelled domain.

The contents of the file are briefly described below, in the order in which they appear:

e A list of all nuclide subchains used in the code; and,

e The numbers of rows and columns in the finite—difference grid;

e At each print time, both the current time and the mid-time between current and
previous times are written (yr), along with the following data:

— The well, recharge and constant head flows (lyr™!) for each active cell (Only if
the flow is out of the model. Inward flows are given as zero); and,

— The average concentrations (moll™! of porewater) in each active cell since the
previous output time. These are given for each component of each subchain.
Average concentrations are used to avoid missing peaks occuring between print

times
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13.4 chtot.out

e A list of all nuclide subchains used in the code; and,

e The numbers of rows and columns in the finite—difference grid;

This file gives information for the decay subchains described in Sec. 10.1. It is exactly
analogous to chain.out, except that the concentrations refer to total concentrations
within a cell (both saturated and unsaturated regions) rather than simply the liquid
phase. All data is described relative to the print out times defined in the main data file
grm.dat. This data may be useful in human intrusion calculations.

The contents of the file are briefly described below, in the order in which they appear:

e At each print time, the current time is written (yr) (again the mid-time between
current and previous printouts is also given) , along with the average concentrations
(moll™! of total cell volume) since the previous output time. These are given for each
component of each subchain.
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13.5 Other ‘Output Files

gen.out

This file is produced for debugging purposes only, and is generally empty.

RESTART

This file contains time data for use with the restart facility (see Sec. 11.3).

RESTART1

This file contains all other data that is required for use with the restart facility (see
Sec. 11.3). It gives the contents of many internal code variables at the time when the
restart was made.

extsp.*

Gives a time profile of the cumulative losses for specified species (kmol) from specified
cells, summed over each of the 3 boundary flow types. A seperate file is produced for each
cell, the file extension denoting the cell as follows: If the model contains NX columns and
NY rows, the file extension for cell (i,j) is i+ (j-1) * NX.

extspw.*

Gives a time profile of the cumulative losses for specified species (kmol) from specified
cells, due to associated well flows. A seperate file is produced for each cell, the file
extension denoting the cell as follows: If the model contains NX columns and NY rows,
the file extension for cell (i,j) isi + (j-1) * NX.

extspr.*

Gives a time profile of the cumulative losses for specified species (kmol) from specified
cells, due to associated recharge flows. A seperate file is produced for each cell, the file
extension denoting the cell as follows: If the model contains NX columns and NY rows,
the file extension for cell (i,j) isi + (j-1) * NX.
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extsph.*

Gives a time profile of the cumulative losses for specified species (kmol) from specified
cells, due to associated constant head flows. A seperate file is produced for each cell, the
file extension denoting the cell as follows: If the model contains NX columns and NY
rows, the file extension for cell (i,j) isi + (j-1) * NX.

extel.*

Gives a time profile of the cumulative losses for specified elements (kmol) from specified
cells, summed over each of the 3 boundary flow types. A seperate file is produced for each
cell, the file extension denoting the cell as follows: If the model contains NX columns and
NY rows, the file extension for cell (i,j) is i + (j-1) * NX.

extelw.*

Gives a time profile of the cumulative losses for specified elements (kmol) from specified
cells, due to associated well flows. A seperate file is produced for each cell, the file
extension denoting the cell as follows: If the model contains NX columns and NY rows,
the file extension for cell (i,j) isi + (j-1) * NX.

extelr.*

Gives a time profile of the cumulative losses for specified elements (kmol) from specified
cells, due to associated recharge flows. A seperate file is produced for each cell, the file
extension denoting the cell as follows: If the model contains NX columns and NY rows,
the file extension for cell (i,j) isi + (j-1) * NX.

extelh.*

Gives a time profile of the cumulative losses for specified elements (kmol) from specified
cells, due to associated constant head flows. A seperate file is produced for each cell, the
file extension denoting the cell as follows: If the model contains NX columns and NY
rows, the file extension for cell (i,j) isi+ (j-1) * NX.
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macel.c*

Gives time profiles of macroelement liquid concentrations (moll™" of porewater) in a par-
ticular cell. The file extension denotes the cell.
spec.c*

Gives time profiles of species concentrations (moll™! of porewater) in a particular cell.
For each specified species, concentrations are given in the order:

e liquid;
e sorbed to colloids; and,
e sorbed to geomatrix.

The file extension denotes the cell.

*out.c* (e.g. Uout.c* for uranium, PUout.c* for plutonium etc...):

Gives time profiles of microelement concentrations (moll™! of porewater) in a particular
cell, for a particular microelement. Concentrations are given in the order:

e liquid;

e sorbed to colloids;

e sorbed to geomatrix;

e mineral;

e unsaturated zone;

e saturated zone;

e total;

e isotope fractions in the saturated zone; and,
e isotope fractions in the unsaturated zone.

The file extension denotes the cell.
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macel.t*

Gives spatial profiles of macroelement liquid concentrations (moll™! of porewater) at a
specified time. The file extension denotes the time.

spec.t*

Gives spatial profiles of species liquid concentrations (moll~! of porewater) at a specified
time. The file extension denotes the time.

micel.t¥*

Gives spatial profiles of microelement concentrations (moll~! of porewater) at a specified
time. For each specified microelement, concentrations are given in the order:

e liquid;
e sorbed to geomatrix; and,
e mineral.

The file extension denotes the time.

phreeqc.out

When YESPPC=1, the PHREEQC module outputs the standard output for PHREEQC speci-
ation calculations for each cell, at each speciation timestep. This file is used for setting
up runs to investigate the behaviour of the PHREEQC module. The file is not normally
produced in runs with more than a few timesteps.
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A Input File grm.act
*CELLULOSE TYPE 1
1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E~9 1.5E-9 1.BE-9 1.5E-9
1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9
1.5E-9 1.5E-9 1.B5E~-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9
1.5E-9 1.B5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.BE-9 1.5E-9
1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9
*CELLULOSE TYPE 2
1.5E-9 1.5E-9 1.B5E-9 1.5E-9 1.5E-9 1.5E-9 1.BE-9 1.5E-9
1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E~-9 1.5E-9 1.5E-9 1.5E-S
1.5E~9 1.5E~9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9
1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9
1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9
*CELLULOSE TYPE 3
1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9
1.5E-9 1.5E~9 1.5E~9 1.5E-9 1.5E~-9 1.5E-9 1.BE-9 1.5E-9
1.5E~9 1.5E-9 1.5E~-9 1.5E-9 1.5E-9 1.5E-9 1.BE-9 1.5E-9
1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9
1.5E-9 1.5E-9 1.5E~9 1.5E-9 1.5E-9 1.5E-9 1.5E-9 1.5E-9
*PROTEIN TYPE 1
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
*PROTEIN TYPE 2
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
*PROTEIN TYPE 3
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
*FAT TYPE 1
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
*FAT TYPE 2

0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
*FAT TYPE 3

0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
«NUMBER OF MACROELEMENTS TO BE READ

1

*PHREEQE NUMBER AND ACTIVE FRACTION

11

0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000

*NUMBER OF MICROSPECIES TO BE READ
0
*MICROSPECIES NUMBER AND ACTIVE FRACTION

*NUMBER OF MACROMINERALS TO BE READ

1

*MINERAL NAME AND ACTIVE FRACTION
CALCITE

0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000

O OO OO

[« oo N Rl

OO O OO

OO O OO0

.000
.000
.000

.000
.000
.000
.000
.000

.000
.000
.000
.000
.000

.000
.000
.000
.000
.000

.000
.000
.000
.000
.000
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B Input File grm.bcs

B.1 Time—-independent form

*GLOBAL BOUNDARY CONCENTRATIONS

( mol/1 for species, g/l for colloids )

*Cnst.hd. Well Recharge
0.0 5.290E-03 0.0 4 (PHREEQE ID No.) Ca(Species name)
0.0 7.986E-03 0.0 5 Na+
0.0 9.964E-03 0.0 6 Cl-
0.0 9.158E-06 0.0 7 c03-2
0.0 6.164E-06 0.0 8 K+
0.0 4.720E-03 0.0 9 Cl04
0.0 4.056E-03 0.0 34 HCO3-
0.0 2.459E-04 0.0 36 H2C03
0.0 2.185E-08 0.0 37 Ca(OH)+
0.0 0.0 0.0 colloid 1
0.0 0.0 0.0 colloid 2
0.0 0.0 0.0 colloid 3
*GLOBAL BOUNDARY PH
12.5 7.5 12.5
*GLOBAL BOUNDARY PE
2.4 2.40 2.40
*[LOCAL BOUNDARY CONCENTRATIONS
0 Ca
0 Na
4 CL-
51 0 1.34e-3
52 2 1.34e-3
531 1.34e-3
54 2 1.34e-3
0 C03-2
2
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4

0

0

K+

C104

HCO3-

H2C03

Ca(OH)+

colleid 1t

colloid 2
11 1.97e-3

2 1 2.34e-3

colleid 3

*L.OCAL BOUNDARY PH, PE
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B.2 Time-dependent form

*IBCLOG (Data read in logarithmic form if = 1)
0
*WELL CELLS
~*GLOBAL WELL CONCENTRATIONS: (mol/l for species, g/l for colloids)
4 Ca
1
0. 150. 4.43e-4 0. 4.43e-4
5 Mg
1
0. 150. 1.87e-4 0. 1.87e-4
30002 U
0.15 U-234
©0.85 U-235
0. 150. 1.2e-10 0. 1.2e-10
*GLOBAL WELL PH
1
0. 150. 7.48 0. 7.48
*GLOBAL WELL PE
1
0. 150. 2.40 0. 2.40
*LOCAL WELL CONCENTRATIONS
4 CA
2 (NC)
154 (I,J,NT)
0.000000 10.000000 3.858378e~02 0.000000e+00 3.858378e-02
10.000000 50.000000 3.858378e-02 3.192867e¢-03 1.662985e-01
50.000000 100.000000 1.662985e~-01 -6.851670e-04 1.320401e-01
100.000000 150.000000 1.320401e~01 -1.481810e-03 5.794961e-02
174 (1,J,NT)
0.000000 10.000000 3.880743e-04 0.000000e+00 3.880743e-04
10.000000 50.000000 3.880743e~04 7.575514e-06 6.910949e-04
50.000000 100.000000 6.910949e-04 -9.059822e-06 2.381038e-04
100.000000 150.000000 2.381038e-04 -1.423028e-06 1.669524e-04

*LOCAL WELL PH

fk)LDCAL WELL PE
0
2
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*RECHARGE CELLS

*GLOBAL RECHARGE CONCENTRATIONS: (mol/l for species, g/l for colloids)
;GLDBAL RECHARGE PH

2GLDBAL RECHARGE PE

SLUCAL RECHARGE CONCENTRATIONS

:LOCAL RECHARGE PH

SLOCAL RECHARGE PE

0

*CONSTANT HEAD CELLS

*GLOBAL CONSTANT HEAD CONCENTRATIONS: (mol/l for species, g/l for colloids)
;GLOBAL CONSTANT HEAD PH

SGLOBAL CONSTANT HEAD PE

SLOCAL CONSTANT HEAD CONCENTRATIONS

*LOCAL CONSTANT HEAD PH

SLOCAL CONSTANT HEAD PE
0
2
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3.3125
7.0

.93061e-11
.93061e-11
.32651e-12
.32651e-12
.93061e-11
.93061e-11
.0

.33

.25
.93061e-11
.93061e-11
.32651e~-12
.32651e-12
.93061e-11
.93061e-11

COFPrBEREENNNNNDNARENNNNNON
AW o

cooNw-

0.

C Input File grm.bug

*CARBOXYLIC ACID CARBON NUMBERS

NBAR - carbon number of average VFA
MBAR - carbon number of average FFA

*CELLULOSE HYDROLYSIS DATA

V(1,1) - neutral, aerobic, type 1

V(1,2) - neutral, anaerobic, type 1
V(3,1) - neutral, aerobic, type 2

V(2,2) - neutral, anaerobic, type 2
V(3,1) - meutral, aerobic, type 3

V(3,2) - neutral, anaerobic, type 3

OPH1 - optimum pH for neutral hydrolysis
PF1 - pH factor for neutral hydrolysis
PCO - pH cut-off for neutral hydrolysis
VISA(1,1) - alkaline, aerobic, type 1

VISA(1,2) - alkaline, anaerobic, type 1
VISA(3,1) - alkaline, aerobic, type 2
VISA(2,2) - alkaline, anaerobic, type 2

VISA(3,1) - alkaline, aerobic, type 3
VISA(3,2) - alkaline, anaerobic, type 3

OPHISA - optimum pH of alkaline hydrolysis
PF1ISA - pH factor for alkaline hydrolysis
PCOISA - pH cut-off for alkaline hydrolysis

SW3 - excess glucose recycled back into
VCU(1) - unsaturated hydrolysis rate for
VCU(2) - unsaturated hydrolysis rate for
VCU(3) - unsaturated hydrolysis rate for

cellulose if > 1
type 1 cellulose
type 2 cellulose
type 3 cellulose

*PROTEIN HYDROLYSIS DATA

2.93061e-11 VP(1,1) - aerobic type 1 protein hydrolysis
2.93061e-11 VP(1,2) -~ anaerobic type 1 protein hydrolysis
7.32651e-12 VP(2,1) - aerobic type 2 protein hydrolysis
7.32651e-12 VP(2,2) - anaerobic type 2 protein hydrolysis
2.93061e-11 VP(3,1) - aerobic type 3 protein hydrolysis
2.93061e-11 VP(3,2) - anaerobic type 3 protein hydrolysis
7.0 OPH10 - optimum pH for protein hydrolysis
1.33 PF10 - pH factor
4.25 PCP - pH cut-off
0.0 VPU(1) - unsaturated hydrolysis rate for type 1 proteins
0.0 VPU(2) - unsaturated hydrolysis rate for type 2 proteins
0.0 VPU(3) - unsaturated hydrolysis rate for type 3 proteins
2
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*FAT HYDROLYSIS DATA

.0
.33
.25
.5
.0
.0
.0

OO OO MK NNNN~NNN

.93061e~11
.93061e-11
.32651e-12
.32651e-12
.93061e-11
.93061e-11

VF(1,1) - aerobic type 1 fat hydrolysis
VF(1,2) - anaerobic type 1 fat hydrolysis
VF(2,1) - aerobic type 2 fat hydrolysis

- VF(2,2) - anaerobic type 2 fat hydrolysis

VF(3,1) - aerobic type 3 fat hydrolysis

VF(3,2) - anaerobic type 3 fat hydrolysis

OPH11 - optimum pH for fat hydrolysis

PFi1 - pH factor

PCF -~ pH cut-off

FRATIO - ratio of glycerol to FFAs from fat hodrolysis
VFU(1) - unsaturated hydrolysis rate for type 1 fats '
VFU(2) - unsaturated hydrolysis rate for type 2 fats
VFU(3) - unsaturated hydrolysis rate for type 3 fats

*AEROBIC BACTERIA DATA

le-8
.0

.0
.58
.8e-6
.0
.33
ie-8
.0

.0
.58
.8e—-6
.5

.0
-0.1

o O O -

O RO O -

XB(1) - concentration of neutraphiles

AERMAX(1) - maximum substrate utilisation rate for neutraphiles
AERKM(1) - half-saturation constant for neutraphiles

YB(1) - neutraphilc microbe yield coeff

KB(1) - neutraphilic microbe specific death rate

OPH2(1) - optimum pH for neutraphiles

PF2(1) - pH factor for neutraphiles

XB(2) - concentration of alkalophiles

AERMAX(2) - maximum substrate utilisation rate for alkaliphiles
AERKM(2) - half-saturation constant for alkaliphiles

YB(2) - alkaliphilic microbe yield

KB(2) - alkaliphilic microbe specific death rate

OPH2(2) - optimum pH for alkaliphiles

PF2(2) - pH factor for alkaliphiles

SW1 - instantaneous aerobic degradation if <= 0.0

*DENITRIFYING BACTERIA DATA

ie-3 xno(1) - conc. of non-alkaliphilic organic denitrifiers

Te-4 dfomax(1) - maximum substrate utilisation rate for denitrifiers
0.0 dfokm(1) - half-saturation constant for denitrifiers

0.37 yno(1) - microbe yield coeff

5.3e-7 kno(1) - microbe specific death rate

le-8 xno(2) - conc. of alkaliphilic organic denitrifiers

Te-4 dfomax(2) - maximum substrate utilisation rate for alk. denitrifiers
0.0 dfokm(2) - half-saturation constant for alk. denitrifiers

0.37 yno(2) - microbe yield coeff

5.3e-7 kno(2) - microbe specific death rate
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-1.0
le-3
7.0e-7
0.0
1.25
5.3e-7

N O QO I
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.3e-7

HORNO RO N
nowo
w

(oM
w

0.0
5.0e-4
0.0
0.17
6e-7
7.0
1.33
ie-8
0.0
5.0e-4
0.0
0.17
6e-7
9.5
1.33

sw2 glucose consumed if <= 0.0

x¥na(1) - conc. of non-alkaliphilic autotrophic denits.
dfamax(1) - maximum substrate utilisation rate for aut. denits
dfakm(1) - half-saturation constant for aut. denits.

yna(l) - microbe yield coeff

kna(1l) - microbe specific death rate

xna(2) - conc. of alkaliphilic autotrophic denitrifiers
dfamax(2) - maximum substrate utilisation rate for alk. aut. denits.
dfakm(2) - half-saturation constant for alk. aut. denits.
yna(2) - microbe yield coeff

kna(2) - microbe specific death rate

oph3(1) - optimum pH for non-alkaliphilic denitrifiers

pf3(1) - pH factor for non-alkaliphilic denitrifiers

oph3(2) - optimum pH for alkaliphilic denitrifiers

pf3(2) - pH factor for alkaliphilic denitrifiers

*GLUCOSE ACIDOGEN DATA

XA3(1) - conc. of glucose fermenters
acdmax(1) - max. rate of glucose fermentation

acdkm(1) - glucose fermentation half-saturation const
yal(1) - microbe yield from glucose fermentation
kal(1) - glucose acidogen death rate

oph5(1) - optimum pH for non-alkal. glucose ferment.
pi5(1) - pH factor in glucose fermentation

xal(2) - conc. of alkaliphilic glucose acidogens
XA3(2) - conc. of alkaliphilic ISA acidogens
acdmax(2) - max. rate of glucose fermentation

acdkm(2) - glucose fermentation half-saturation const
yal(2) - microbe yield from glucose fermentation
kal(2) - glucose acidogen death rate

oph5(2) - optimum pH for alkaliphilic glucose ferment.
pf5(2) - pH factor in glucose fermentation

*PEPTIDE ACIDOGEN DATA

1e-3 xap(1) - conc. of non-alkaliphilic peptide acidogens
5.0e-4 acpmax(1l) - max. rate of peptide fermentation

0.0 acdkp(1) - peptide fermentation half-saturation const
0.17 yap(1) - microbe yield from peptide fermentation
6e-7 kap(1) - peptide acidogen death rate

7.0 ophl12(1) - optimum pH for non-alkal. peptide ferment.
1.33 pf12(1) - pH factor in peptide fermentation

le-8 xap(2) - conc. of alkaliphilic peptide acidogens

5.0e-4 acpmax(2) - max. rate of peptide fermentation
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0.0 acdkp(2) - peptide fermentation half-saturation comst
0.17 yap(2) - microbe yield from peptide fermentation
6e-7 kap(2) - peptide acidogen death rate
9.5 oph12(2) - optimum pH for alkaliphilic peptide ferment.
1.33 pf12(2) - pH factor in peptide fermentation
2.0 fpept - molar ratio of acetic to VFA in peptide ferm.
*GLYCEROL ACIDOGEN DATA
le-3 xag(1l) - conc. of non-alkaliphilic glycerol acidogens
5.0e-4 acgmax(1) - max. rate of glycerol fermentation
0.0 acdkg(1) - glycerol fermentation half-saturation const.
0.17 yag(1) ~ microbe yield from glycerol fermentation
6e-7 kag(1) - glycerol acidogen death rate
7.0 oph13(1) - optimum pH for non-alkal. glycercl ferment.
1.33 pf13(1) - pH factor in glycerol fermentation
le-8 xag(2) - conc. of alkaliphilic glycerol acidogens
5.0e-4 acgmax(2) - max. rate of glycerol fermentation
0.0 acdkg(2) - glycerol fermentation half-saturation const.
0.17 yag(2) - microbe yield from glycerol fermentation
6e-7 kag(2) - glycerol acidogen death rate
9.5 oph13(2) - optimum pH for alkaliphilic glyc. ferment.
1.33 pf13(2) - pH factor in glycerol fermentation
2.0 fglyc - molar ratio of acetic to VFA in glycerol ferm.

ie-3 xfo(1) - conc. of non-alkaliphilic organic iron reducs.
le—-4 fromax(1l) - max. rate of substrate utilisation
0.0 frokm(1) - half-saturation const.
0.25 yfo(1) - microbe yield coeff
6.0e-7 kfo(1) - microbe death rate
1e-8 xfo(2) - conc. of alkaliphilic organic iron reducers
le-4 fromax(2) - max. rate of substrate utilisation
0.0 frokm(2) - half-saturation comst.
0.25 yfo(2) - microbe yield coeff
6.0e~7 kfo(2) - microbe death rate
le-3 xfa(1l) - comc. of non-alkaliphilic auto. irom reducs.
1.9e-6 framax(1) - max. rate of substrate utilisation
0.0 frakm(i) - half-saturation const.
1.25 yfa(l) - microbe yield coeff
1.6e~7 kfa(l) - microbe death rate
le-8 xfa(2) - conc. of alkaliphilic auto. iron reducers
1.9e-6 framax(2) - max. rate of substrate utilisation
0.0 frakm(2) - half-saturation const.
2
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vfa(2) - microbe vield coeff

kfa(2) - microbe death rate

oph4(1) - optimum pH for non-alkaliphilic iron reducs.
pf4(1) - pH factor for non-alkaliphilic iron reducs.
oph4(2) - optimum pH for alkaliphilic iron reducers
pf4(2) - pH factor for alkaliphilic iron reducs.

*SULPHATE REDUCING BACTERIA DATA

xso(1) - conc. of non-alkaliphilic org. sulph. reducs.
somax (1) - max. rate of substrate utilisation

sokm(1) - half-saturation const.

yso(1) - microbe yield coeff

kso(1) - microbe death rate

xso0(2) - conc. of alkaliphilic org. sulph. reducers
somax(2) - max. rate of substrate utilisation

sokm(2) - half-saturation const.

yso(2) - microbe yield coeff

kso(2) - microbe death rate

xsa(1) - conc. of mon-alkaliphilic auto. sulph. reducs.

samax (1) - max. rate of substrate utilisation
sakm(1) - half-saturation const.

ysa(1) - microbe yield coeff

ksa(1) - microbe death rate

xsa(2) - conc. of alkaliphilic auto. sulph. reducers
samax(2) - max. rate of substrate utilisation
sakm(2) - half-saturation const.

ysa(2) - microbe yield coeff

ksa(2) - microbe death rate

oph6(1) - optimum pH for non-alkal. sulph. reducs.
pf6(1) - pH factor for non-alkaliphilic sulph. reducs.
oph6(2) - optimum pH for alkaliphilic sulph. reducs.
pf6(2) - pH factor for alkaliphilic sulph. reducs.

*ACETOGENIC BACTERIA DATA

le-3 xa2(1) - conc. of non-alkaliphilic acetogens
5.2e-5 actmax(1l) - max. rate of substrate utilisation
0.0 actkm(1) - half-saturation const.
0.085 ya2(1) - microbe yield coeff
5.9e-7 ka2(1) - microbe death rate
7.0 oph7(1) - optimum pH for non-alkaliphilic acetogens
4.0 pf7(1) - pH factor for non-alkaliphilic acetogens
le-8 xa2(2) - conc. of alkaliphilic acetogens
5.2e-5 actmax(2) - max. rate of substrate utilisation
2
1
Orig JG+ 06/2003 AP AP ISSUE 2
By Date Chkd. Appr. Description of Issue or Revision

BNFL | 5896D (Rev 11/84)




BNFL

Program User’s Guide for the Code GRM,
Version 4.1

Project Number
00/EN0127/7/1
Page 217 of 247

4.0
.e-3
.6e-4

.019
.9e-7

= O NO R D NN O -
o
J
o

-

o -

| ®©

=
w

(@]
w
>

1.6e-7
7.0
4.0
i.e-8
le-4
0.34
1.6e-7
9.5
4.0

actkm(2) - half-saturation const.

ya2(2) - microbe yield coeff

ka2(2) - microbe death rate

oph7(2) - optimum pH for alkaliphilic acetogens
pf7(2) - pH factor for alkaliphilic acetogens

*METHANOGENIC BACTERIA DATA

xmi(1) - conc. of non-alkal. organo. methanogens
emimax(1) - max. rate of substrate utilisation
ym1(1) - microbe yield coeff

km1(1) - microbe death rate

oph8(1) - optimum pH for non-alkal. org. methanogens
pf8(1) - pH factor for non-alkal. org. methanogens
xm1(2) - conc. of alkaliphilic orgamo. methanogens
emimax(2) - max. rate of substrate utilisation
ym1(2) - microbe yield coeff

km1(2) - microbe death rate

oph8(2) - optimum pH for alkal. org. methanogens
pf8(2) - pH factor for alkal. org. methanogens
xm2(1) - conc. of non-alkal. auto. methanogens
em2max(1) - max. rate of substrate utilisation
ym2(1) - microbe yield coeff

km2(1) - microbe death rate

oph9(1) - optimum pH for non-alkal. auto. methanogens
pf9(1) - pH factor for nom-alkal. auto. methanogens
xm2(2) - conc. of alkaliphilic auto. methanogens
em2max(2) - max. rate of substrate utilisation
ym2(2) - microbe yield coeff

km2(2) - microbe death rate

oph9(2) - optimum pH for alkal. auto. methanogens
pf9(2) - pH factor for alkal. auto. methanogens

*0XYGEN REOXIDISER DATA

le-8 xr(1) - concentration of non-alkaliphilic reoxidisers
1.0 roxmax(1) - max. rate of substrate utilisation
0.0 roxkm(1) - half saturation constant
0.58 yr(1) - microbe yield coeff
4.8e-6 kr(1) - microbe death rate
7.0 ophrox(1) - optimum pH for non-alkaliphic reoxidisers
1.33 pfrox(1) - pH factor for non-alkaliphic reoxidisers
3.4BE-7 maintenance factor for non-alkaliphic reoxidisers
1e-8 xr(2) - concentration of alkaliphilic reoxidisers
1.0 roxmax(2) - max. rate of substrate utilisation
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roxkm(2) - half saturation constant

yr(2) - microbe yield coeff

kr(2) - microbe death rate

ophrox(2) - optimum pH for alkaliphilic reoxidisers
pfrox(2) - pH factor for alkaliphic reoxidisers
maintenance factor for alkaliphic reoxidisers

sw4 instantaneous reoxidation if <= 0.0

*NITRATE REOXIDISER DATA

xrn(l) - concentration of non-alk. nitrate reoxidisers
roxmax (1) - max. rate of substrate utilisation
raxkm(1) - half saturation constant

yrn(l) - microbe yield coeff

krn(1) - microbe death rate

ophrnx (1) - optimum pH for non-alk. nitrate reoxidisers
pfrnx(1) - pH factor for non-alkaliphic reoxidisers
maintenance factor for mom-alkaliphic reoxidisers
xrn(2) - concentration of alk. nitrate reoxidisers
roxmax(2) - max. rate of substrate utilisation
roxkm(2) - half saturation constant

yrn(2) - microbe yield coeff

krn(2) - microbe death rate

ophrnx(2) - optimum pH for alkaliphilic reoxidisers
pfrnx(2) - pH factor for alkaliphic reoxidisers
maintenance factor for alkaliphic reoxidisers

swb instantaneous reoxidation if <= 0.0

*AMMONIA REOXIDISER DATA

le-8 xrn(1) - concentration of non-alk. ammonia reoxidisers
1.0 roxmax (1) - max. rate of substrate utilisation
0.0 roxkm(1) - half saturation constant
0.58 yrn(1l) - microbe yield coeff
4.8e-6 krn(i) - microbe death rate
7.0 ophrnx(1) - optimum pH for non-alk. ammonia reoxidisers
1.33° pfrnx(1) - pH factor for non-alkaliphic reoxidisers
3.45E-7 maintenance factor for non-alkaliphic reoxidisers
1e-8 xrn(2) - concentration of alk. ammonia reoxidisers
1.0 roxmax (2) - max. rate of substrate utilisation
0.0 roxkm(2) - half saturation constant
0.58 yrn(2) - microbe yield coeff
4.8e-6 krn(2) - microbe death rate
9.5 ophrnx(2) - optimum pH for alkaliphilic reoxidisers
1.33 pfrnx(2) - pH factor for alkaliphic reoxidisers
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3.45E-7 maintenance factor for alkaliphic reoxidisers
-1.0 swb instantaneous reoxidation if <= 0.0
*TIME DATA
100 TENDBUG
2 NO. OF DTBUG

1455. 1.261e5 ENDTIME THIS DTBUG DTBUG 1
10000. 3.153e5 ENDTIME THIS DTBUG DTBUG 2
*0THER DATA

1e-20 MINIMUM AMOUNT OF A BUG PRESENT

0.0493 IONIC STRENGTH

0.8 DEGRADABLE FRACTION OF DEAD BIOMASS

7.42 MOLAR RATIO OF FFAs TO PROTEIN IN RECYCLED BIOMASS
2.0 MOLAR RATIO OF ACETIC/VFAs IN FFA DECOMP. PRODUCTS
0.0 CONCENTRATION OF EXISTING INERT MATERIAL (g/m3).
-2.96 LOG DISSOCIATION CONSTANT FOR 02 GAS INTO LIQUID
-1.844 DH FOR 02 GAS USED IN VAN’T HOFF CALC

-3.26 LOG DISSOCIATION CONSTANT FOR N2 GAS INTO LIQUID
-1.358 DH FOR N2 GAS USED IN VAN’T HOFF CALC

-2.86 LOG DISSOCIATION CONSTANT FOR CH4 GAS INTO LIQUID
-3.373 DH FOR CH4 GAS USED IN VAN’T HOFF CALC

0.790184 FRACTION OF AR+N2 GASES IN AIR

0.2095 FRACTION OF 02 GASES IN AIR

0.000316 FRACTION OF CO2 GASES IN AIR

SWITCH FOR DISSOLUTION OF 02 (02 SOLUBLE IF =1)
SWITCH FOR DISSOLUTION OF N2 (N2 SOLUBLE IF =1)
SWITCH FOR DISSOLUTION OF CH4 (CH4 SOLUBLE IF =1)
SWITCH FOR TEMP-DEPENDENCE OF HYDROLYSIS (ON IF =1)
SWITCH FOR TEMP-DEPENDENCE OF METHANOGENESIS (ON IF =1)
SWITCH FOR USE OF 02 IN PE CALCULATION (USED IF =1)
SWITCH FOR USE OF NO3 IN PE CALCULATION (USED IF =1)
1.0 PERMEABILITY OF HEADSPACE CAP (m3/s/atm)
*TEMPERATURE ARRAY

15. 15. 15. 15. 15. 15. 15. 15. 15. 15.

*MOISTURE CONTENT IN SATURATED ZONE
1.01.01.01.01.01.01.01.01.01.0

*MOISTURE CONTENT IN UNSATURATED ZONE

0. 0. 0. 0. 0. 0. 0. 0. 0. O.

*SLUMPING FLAGS

0000000000

*SLUMPING DENSITIES

= e O O O

1800. 1800. 1800. CELLULOSE (1-3)
2
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1900. 1900. 1900. PROTEINS (1-3)
1700. 1730. 1720. FATS (1-3)
1600. MINERALS
1500. IRON
1400. FE203
1300. FE304
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D Input File grm.cem

CEMENT DISSOLUTION DATA (example file)

2

NAMES OF CEMENT MINERALS

Bill

Fred

Ca/Si RATIOS

0.1 0.2 0.5 0.6

0.2 0.30.10.8

CSH CONCENTRATIONS (mol/1 of porewater)

1.0E-04 4.0E-04 7.0E-04 1.0E-04

6.0E-04 1.0E-04 9.0E-04 3.0E-04

2
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E Input File grm.cor

mild steel density [kg/m3]
7800
initial saturated aerobic corrosion rate [m/s]
7.927e-13
initial saturated anaerobic corrosion rate [m/s]
9.513e-14
initial unsaturated aerobic corrosion rate [m/s]
5.708e-13
initial unsaturated anaerobic corrosion rate [m/s]
9.513e-14
aerobic minimum corrosion rate [m/s]
9.513e-14 '
anaerobic minimum corrosion rate [m/s]
9.513e~14
passivity rate [yr]
0.15
molecular weight of iron [g/mol]
55.847
average initial sphere radius [m]
0.0012
average initial plate thickness [m]
0.0044
average rod radius [m]
1.0
average rod length [m]
1.0
weight of spheres for each cell
0.0000E+00 0.3259E+07 0.0000E+00
0.3231E+07 0.3259E+07 0.1867E+07
weight of plates for each cell
0.0000E+00 0.1660E+07 0.3439E+07
0.3439E+07 0.3988E+07 0.4022E+07
weight of rods for each cell
0.2304E+07 0.0000E+00 0.2701E+07
0.2701E+07 0.2701E+07 0.2701E+07
MOLES of FE203 for each cell
0.0 0.0 0.0
0.0 0.0 0.0
MOLES of FE304 for each cell

2
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0.0 0.0 0.0
0.00.00.0
proportion of Fe(OH)3 forming colloids under suitable conditions COLPER
0.0
pH threshold for formation of passivity layer
9.0
2
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30201 1000
30202
30203
31001
31002
31401 1 0 0O
*MACROELEMENT

N S N SN
o= OO
o OO

SO OO0

oo oNoNeNol

OO O O OO

11
17
15

34 36 130

117

39 38 131 12

32 13 10

18 120

14 8

16 42 112 114 43 132

*MICROSPECIES ID NUMBERS (with isotope

flags)

PHREEQE ID NUMBERS
8 9 10 11 12 13 14 15 16 17 18 19
*MACROSPECIES PHREEQE ID NUMBERS
8 9 10 11 12 13 14 15 16 17 18 19 32 34 36 37 38 39 42 113 117 120
*SPECIES SPECIFIC PHREEQE NUMBERS

C03-2  HCO3-  H2CO03
CH3C00~ CH3COOH

HS~ H2S(AQ) S-2
02(AQ) NO3- CL-
RCO0O-  RCOOH

FE3+ FE2+

NH4+

*MICROMINERALS IN INITIAL INVENTORY
*MACROMINERALS IN INITIAL INVENTORY

Version 4.1 Page 224 of 247
F Input File grm.dat
F.1 PHREEQE option YESPC =0
*TITLE
Run with chemistry
*RUN TIME OPTIONS
1 1 1 0 YESCHM YESBUG YESCOR YESX
0 1 0 0 IMDFLW ITDBCS IFKD ISLVBK
1 0 0 0 YESPE PEQO2 PEHELD IHSRDX
1 1 1 1 ISORCP IH2NRM 1ISPWRN IFE2CR
1 0 0 i IREOX INLIM ICEM IMSBAL
i 1 1 0 ICHAIN C14SWT IFLGH3 TIFLGRN
1 0 0 0 IDROP YESPC YESSCM YESPPC
*INTEGER PARAMETERS
12 22 NE NC
3 10 14 2 NME (NMSP(i) i=1,NME)
0 0 NEMIC (NBLKMIC(i) i=1,NEMIC)
4 0 o . 3 MACROM MICROM NKIN NCOL

CO2GAS

H2SGAS S04-2

NH3(AQ) NH4CL NH4NO3 NH4S04- NH3GAS

CALCITE
2
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FE (OH) 3A
CEMSIO
CEMCSH
+TIME DATA
10000.0 ENDTIME
1 NO. OF DTO
10000.0 0.2 ENDTIME THIS DTO DTO #1
10000.1 TENDCHEM
3 NO. OF DTSPEC
950.0 0.2 ENDTIME THIS DTSPEC DTSPEC #1
1950.0 0.2 ENDTIME THIS DTSPEC DTSPEC #2
10000.0 1.0 ENDTIME THIS DTSPEC DTSPEC #3
3 NO. OF PRINT FREQUENCIES
20 5 ENDTIME THIS PERIOD PRINTS IN PERIOD #1
1000.0 49 ENDTIME THIS PERIOD PRINTS IN PERIOD #2
10000.0 45 ENDTIME THIS PERIOD PRINTS IN PERIOD #3
2 NO. DIFFERENT OF PH PRINT FREQUENCIES
100.0 1.0 ENDTIME PH PRINT FREQUENCY #1
10000.0 10.0 ENDTIME PH PRINT FREQUENCY #2

*RESTART DATA

11000.0 11000.0
*PHREEQE CONVERGENCE TOLERANCE

1.0E-10

*BACKWARD-DIFFERENCE TRANSPORT SOLVER DATA

200 1.0E-3 0.5 NITSOR TOLSOR OMEGA
*PRINT DATA
0 2 NOUT MASSOUT
0 (NSOUT (i) i=1,NOUT)
0 NPRNS
0 NPRNE
2 NPRNC
35 CELL POSITION FOR NPRNC #1
36 CELL POSITION FOR NPRNC #2
20 NPRNT
0 IPREXT
2
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F.2 PHREEQC option YESPC =1

*TITLE

PHREEQC DEVELOPMENT

*RUN TIME OPTIONS

0 0 0 YESCHM YESBUG YESCOR YESX

‘ IMDFLW ITDBCS IFKD ISLVBK
YESPE PE02 PEHELD IHSRDX
ISORCP IH2NRM ISPWRN IFE2CR
IREOX INLIM  ICEM UMSBAL
ICHAIN C14SWT IFLGH3 IFLGRN
1 1 0 IDROP YESPC YESSCM YESPPC
«*INTEGER PARAMETERS

4 7 NE NC

0 O NME (NMSP(i) i=1,NME)

0 O NEMIC (NBLKMIC(i) i=1,NEMIC)

0 0 0 O MACROM MICROM NKIN NCOL

0 0 O NUMIN NUMIC NIEX

1 2 NSURF NSCM(i) I=1 , NSURF)
*MICROSPECIES NAMES

*MACROSPECIES NAMES

Ca+2 Na+ K+

KOH

*MACROMINERAL NAMES

*SURFACE SITES

Hfo_sOH Hfo_wOH

*MICROMINERALS IN INITIAL INVENTORY
*MACROMINERALS IN INITIAL INVENTORY
*TIME DATA

2.0 Endtime

1 No. of transport timesteps

2.0 .1

10000. TENDCHEM

1 No. of speciation timesteps
2.0 .1

1 No. of print frequencies
2.0 10
1
2

OO OO O O M
OO O OO
O O O = OO
OO O OO

Cl- CaOH+

No. of pH print frequencies
.0 0.1

*RESTART DATA

200. 300.

NaOH

2
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1E-10

*PRINT DATA

7 2 NOUT MASSOUT

*PHREEQE CONVERGENCE TOLERANCE

*BACKWARD-DIFFERENCE TRANSPORT SOLVER DATA
200 1.E-3 0.5 NITSOR TOLSOR OMEGA

1,2,3,4,5,6,7 ,NOUT)
0 NPRNS
0 NPRNE
1 NPRNC
11
0 NPRNT
1 IPREXT
2
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G Input File grm.dcy
3 total number of master decay chains
6 number of members in master decay chain 1
Cm-245
3086 3 8.499e3
Pu-241
304 4 1.440e1
Am-241
305 1 4.329e2
Np-237
301 1 2.140e6
U-233
302 1 1.593eb5
Th-229
312 2 7.339e3
1 number of members in master decay chain 2
Tc-99
302 1 2.128eb
1 number of members in master decay chain 3
I-129
303 1 1.569e7
2
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H Input File grm.flw

*NUMBER OF FLOWFIELD PERIODS
2

*ENDTIME FOR FLOWFIELD PERIOD 1

0.1000000E+03

*FLOWS THROUGH RIGHT FACES (m3/day)

0.1877726E+01 0.2547056E+01  0.0000000E+00
-0.8749643E-05 ~-0.4332573E-02 0.0000000E+0Q0

*FLOWS THROUGH FRONT FACES (m3/day)
-0.1681179E-03 -0.1681179E-03 0.1001341E-03

0.0000000E+00  0.0000000E+00  0.0000000E+00

*FLOWS INTO WELL CELLS (m3/day) - non-vertical external flows
0.1184974E+01 0.0000000E+00  0.8870637E+00
-0.4117013E-03 -0.3125361E-03 -0.9012186E-04

*FLOWS INTO RECHARGE CELLS (m3/day) - infiltration through cap
0.1591786E+01  0.1591786E+01 0.1591786E+01

0.2731006E+01  0.2731006E+01  0.9582480E+00

*FLOWS INTO CONSTANT HEAD CELLS (m3/day) - seepage through vault base
-0.8953696E+00 -0.8953696E+00 -0.1668281E+01 )
-0.2737159E+01 -0.2737159E+01 -0.9584235E+00

*POROSITIES

0.4000000E+00  0.4000000E+00  0.4000000E+00

0.3000000E+00  0.3000000E+00  0.3000000E+00

*LONGITUDINAL DISPERSIVITIES (m)

0.0000000E+00  0.0000000E+00  0.0000000E+00

0.0000000E+00  0.0000000E+00  0.0000000E+00

*TRANSVERSE DISPERSIVITIES (m)

0.0000000E+00  0.0000000E+00  0.0000000E+00

0.0000000E+00  0.0000000E+00  0.0000000E+00

*ENDTIME FOR FLOWFIELD PERIOD 2

0.1500000E+03

*FLOWS THROUGH RIGHT FACES (m3/day)

0.7358030E+01 0.1011415E+02  0.0000000E+00

0.1470908E-03 -0.3810953E-02  0.0000000E+00

*FLOWS THROUGH FRONT FACES (m3/day)

~0.1567399E-02 -0.1567399E-02 -0.2210731E-03

0.0000000E+00  0.0000000E+00  0.0000000E+00

*FLOWS INTO WELL CELLS (m3/day) - non-vertical external flows

2
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0.1553658E+01  0.0000000E+00  0.1149897E+01
~-0.3558450E-02 -0.2108075E-02 -0.9285637E-03
*FLOWS INTO RECHARGE CELLS (m3/day) - infiltration through cap
0.3993429E+01  0.3993429E+01  0.3993429E+01
0.3545517E+01  0.3545517E+01  0.1245722E+01
*FLOWS INTO CONSTANT HEAD CELLS (m3/day) - seepage through vault base
~0.2055782E+01 -0.2055782E+01 -0.3830794E+01
~0.3540324E+01 -0.3540324E+01 -0.1245291E+01
*POROSITIES
0.4000000E+00  0.4000000E+00  0.4000000E+00
0.3000000E+00  0.3000000E+00  0.3000000E+00
*LONGITUDINAL DISPERSIVITIES (m)
0.0000000E+00  0.0000000E+00 .0000000E+00
0.0000000E+00  0.0000000E+00  0.0000000E+00
*TRANSVERSE DISPERSIVITIES (m)
0.0000000E+00  0.0000000E+00 .0000000E+00
0.0000000E+00  0.0000000E+00  0.0000000E+00

[}

(]

2
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I Input File grm.grd
*NUMBER OF COLUMNS
4
*COLUMN GRID LINE CO-ORDINATES (m)
10.0 20.0 30.0 40.0
*NUMBER OF ROWS
3
*ROW GRID LINE CO-ORDINATES (m)
5.0 10.0 15.0
*ELEVATION OF CELL TOPS (m)
4.2 4.2 4.2 4.2
4.7 4.7 4.7 4.7
5.0 6.7 7.9 7.8
*ELEVATION OF CELL BOTTOMS (m)
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
*HYDRAULIC HEADS (m) ( = 999.99 for inactive cells)
999.99 2.1 3.6 3.6
3.2 3.2 2.7 2.7
1.0 1.0 1.7 2.8
2
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1
X-

3
NAX
KX
CAX2

0

2
NAX
CAX2

0

J Input File grm.iex

J.1 PHREEQE option YESPC =0

Types of ionic exchange sites

Bulk ionic exchange species

Micro ionic exchange species

CEC for ion exchange type X- (mol/1)
1.1e-3 1.1e-3 1.1e-3
1.1e-3 1.1e-3 1.1e-3
0.0 0.0 0.0 0.0

Bulk ionic exchange species to be printed

Micro ionic exchange species to be printed

2
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J.2 PHREEQC option YESPC =1

CEC for ion exchange type x- in mole/l

{.1e-3 1.1e-3 1.1e~3 1.1e-3 1.1e-3 1.1e-3 1.1e-3 1.1le-3 i.1e-3 1.1e-3 1.1e-3 1.1e-3

2
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K Input File grm.inv

*SITE TEMPERATURE (oC)

15.0

*SOLID IS0=1 U-238 (mol/1)
0.000e+00 9.154e-03 9.154e-03
9.154e-03 3.624e-03 3.624e-03
*SOLID IS0=2 U-234 (mol/1)
0.000e+00 5.370e-07 5.370e-07
5.370e-07 4.730e-07 4.730e-07
*SOLID IS0=3 U-235 (mol/1)
0.000e+00 7.880e~05 7.880e-05
7.880e-05 9.030e-05 9.030e-05
*SOLID IS0=4 U-233 (mol/1)
0.000e+00 0.000e+00 0.000e+00
0.000e+00 0.000e+00 0.000e+00
*SOLID IS0=5 U-236 (mol/1)
0.000e+00 0.000e+00 0.000e+00
0.000e+00 0.000e+00 0.000e+00
*LIQUID IS0 U (mol/1)
0.000e+00 0.000e+00 0.000e+00
0.000e+00 0.000e+00 0.000e+00
*COLLOID 1 U (kmol)

0.000e+00 0.000e+00 0.000e+00
0.000e+00 0.000e+00 0.000e+00
*ADSORB U (kmol)

0.000e+00 1.080e-08 1.080e-08
1.080e-08 9.980e-09 9.980e-09
*SOLID ISO=1 NP (mol/1)
0.000e+00 5.120e-08 5.120e-08
5.120e-08 3.940e~08 3.940e-08
*LIQUID NP (mol/1)

0.000e+00 0.000e+00 0.000e+00
0.000e+00 0.000e+00 0.000e+00
*COLLOID 1 NP (kmol)
0.000e+00 0.000e+00 0.000e+00
0.000e+00 0.000e+00 0.000e+00
*ADSORB NP (kmol)

0.000e+00 0.000e+00 0.000e+00
0.000e+00 0.000e+00 0.000e+00

*LIQUID MACROSPECIES 1 - CA (mol/1)

2
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4.43e-4 4.43e-4 4.43e-4
4.43e~4 4.43e-4 4.43e-4
*LIQUID MACROSPECIES 2 - MG (mol/1)
1.87e~4 1.87e-4 1.87e-4
1.87e-4 1.87e-4 1.87e-4
*LIQUID MACROSPECIES 3 - CL (mol/1)
5.97e-4 5.97e-4 5.97e-4
5.97e-4 5.97e-4 5.97e-4
*LIQUID MACROSPECIES 4 - S04-2 (mol/1)
1.17e-4 1.17e-4 1.17e-4
1.17e-4 1.17e-4 1.17e-4
*LIQUID MACROSPECIES 5 - 02 (mol/1)
3.15e~-5 3.16e-5 3.15e-5
3.15e-5 3.15e-5 3.1be-5
*TRITIUM LIQUID CONCENTRATION (mol/1)
1.0e-3 1.0e-3 1.0e-3
1.0e-3 1.0e-3 1.0e-3
*COLLOID 1 - amount present in each cell (kg/m3)
0.000e+00 0.000e+00 0.000e+00

0.000e+00 0.000e+00 0.000e+00

*RELEASE COEFFICIENT FOR COLLOID 1

0.100e+00 0.010e+00 O.
0.000e+00 0.000e+00 0.000e+00
*PARTIAL PRESSURE CO02
3.160e~04 3.160e-04 3.160e-04
3.160e-04 3.160e-04 3.160e-04
*PARTIAL PRESSURE CH4
0.000e+00 0.000e+00 O.
0.000e+00 0.000e+00 O.
*PARTIAL PRESSURE H2
0.000e+00 0.000e+00 O.
0.000e+00 0.000e+00 O.
*PARTIAL PRESSURE N2
7.902e~01 7.902e-01 7.902e-01
7.902e-01 7.902e-01 7.902e-01
*PARTIAL PRESSURE 02
2.095e-01 2.095e~-01 2.095e-01
2.095e-01 2.095e~01 2.095e-01
*PARTIAL PRESSURE H2S

120e+00

000e+00
000e+00

000e+00
000e+00

0.000e+00 0.000e+00 0.000e+00
0.000e+00 0.000e+00 0.000e+00
2
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*PARTIAL PRESSURE NH3
0.000e+00 0.000e+00 0.000e+00
0.000e+00 0.000e+00 0.000e+00
*CELLULOSE TYPE 1 (kg)
1.0e3 1.0e3 1.0e3

1.0e3 1.0e3 1.0e3
*CELLULOSE TYPE 2 (kg)
1.0e3 1.0e3 1.0e3

1.0e3 1.0e3 1.0e3
*CELLULOSE TYPE 3 (kg)
1.0e3 1.0e3 1.0e3

1.0e3 1.0e3 1.0e3
*PROTEINS TYPE 1 (kg)
1.0e3 1.0e3 1.0e3

1.0e3 1.0e3 1.0e3
*PROTEINS TYPE 2 (kg)
1.0e3 1.0e3 1.0e3

1.0e3 1.0e3 1.0e3
*PROTEINS TYPE 3 (kg)
1.0e3 1.0e3 1.0e3

1.0e3 1.0e3 1.0e3

*FATS TYPE 1 (kg)

1.0e3 1.0e3 1.0e3

1.0e3 1.0e3 1.0e3

*FATS TYPE 2 (kg)

1.0e3 1.0e3 1.0e3

1.0e3 1.0e3 1.0e3

*FATS TYPE 3 (kg)

1.0e3 1.0e3 1.0e3

1.0e3 1.0e3 1.0e3

*PH ARRAY FOR SITE

7.48 8.183 8.183

8.183 8.183 8.183

*PE ARRAY FOR SITE
2.400 2.400 2.400 2.400
2.400 2.400 2.400 2.400
*CALCITE (mol/1)

0.0 5.462 5.462

5.462 5.462.5.462
*DENSITY OF WASTE (kg/m3)
2200.0 2200.0 2200.0

2
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2200.0 2200.0 2200.0
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K.1 Input File grm.inv Surface Complexation Example

*SITE TEMPERATURE

25

*L.IQUID MACROSPECIES 1 - CA

1.00e-4 1.00e-4 1.00e-4 1.00e-4 1.00e-4 1.00e-4 1.00e-4 1.00e-4 1.00e-4 1.00e-4
1.00e-4 1.00e-4 1.00e-4 1.00e-4 1.00e-4 1.00e-4 1.00e-4 1.00e-4 1.00e-4 1.00e-4
*[LIQUID MACROSPECIES 2 - NA

l.e-1 1.e~1 1.e-1 1.e-1 1.e-1 1.e-1 1.e~-1 1.e-1 1.e-1 1.e~1 1.e-1 1.e-1 1l.e-1
1.e~1 1.e~1 1.e-1 1.e-1 1l.e-1 1.e-1 1.e-1

*LIQUID MACROSPECIES 3 - K

1.e-1 1.e-1 1.e-1 1.e-1 1.e-1 1.e~1 1.e-1 1.e-1 1.e~1 1.e-1 1.e~-1 1l.e-1 1.e-1
1.e~1 1.e-1 1.e~1 1l.e-1 1.e-1 1.e-1 1.e-1

*LIQUID MACROSPECIES 4 - CL

2.002e-1 2.002e-1 2.002e-1 2.002e-1 2.002e-1 2.002e-1 2.002e~-1 2.002e-1 2.002e-1
2.002e~-1 2.002e-1 2.002e-1 2.002e-1 2.002e~1 2.002e~1 2.002e-1 2.002e-1 2.002e-1
2.002e-1 2.002e~1

*L.IQUID MACROSPECIES 8 - 02(AQ)

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00.00.00.00.00.00.00.00.00.0
*PARTIAL PRESSURE co2

3.16e-4 3.16e-4 3.16e-4 3.16e-4 3.16e-4 3.16e-4 3.16e~4 3.16e-4 3.16e-4 3.16e-4
3.16e-4 3.16e-4 3.16e-4 3.16e-4 3.16e-4 3.16e-4 3.16e-4 3.16e-4 3.16e-4 3.16e-4
*PARTIAL PRESSURE ch4

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
*PARTIAL PRESSURE h2
0.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.0
*PARTIAL PRESSURE n2

7.902e-1 7.902e-1 7.902e~-1 7.902e-1 7.902e-1 7.902e~1 7.902e-1 7.902e-1 7.902e-1
7.902e~1 7.902e-1 7.902e-1 7.902e~-1 7.902e-1 7.902e-1 7.902e-1 7.902e-1 7.902e-1
7.902e-1 7.902e~1

*PARTIAL PRESSURE o2

2.095e-01 2.095e-01 2.095e-01 2.095e-01 2.095e-01 2.095e-01 2.095e-01 2.095e-01
2.095e-01 2.095e-01 2.095e-01 2.095e-01 2.095e~01 2.095e-01 2.095e~01 2.095e-01
2.095e-01 2.095e-01 2.095e-01 2.095e-01

*PARTIAL PRESSURE h2s
0.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.0
*PARTIAL PRESSURE nh3
0.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.0
*CELLULOSE TYPE 1 (kg)

0.0 0.0 0.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.0
*CELLULOSE TYPE 2 (kg)

2
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0.0 0.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.060.0
*CELLULOSE TYPE 3 (kg)
0.0 0.0 0.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.0
*PROTEINS TYPE 1 (kg)
0.0 0.0 0.0 0.0 0.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.0
*PROTEINS TYPE 2 (kg)
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
*PROTEINS TYPE 3 (kg)
0.0 0.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.0
*FATS TYPE 1 (kg) ,
0.0 0.0 0.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.0
*FATS TYPE 2 (kg)
0.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.0
*FATS TYPE 3 (kg)
0.0 0.0 0.0 0.0 0.00.00.00.00.00.00.00.00.00.00.00.00.00.00.00.0
*PH ARRAY
8.053 8.053 8.053 8.053 8.053 8.053 8.053 8.053 8.053 8.053 8.053 8.053 8.053
8.053 8.053 8.053 8.053 8.053 8.053 8.053
*PE ARRAY
4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
4.00 4.00 4.00 4.00
*SURFACE AREA
1.e402 1.e+02 1.e+02 1.e+02 1.e+02 1.e+02 1.e+02 1.e+02 1.e+02 1.e+02 1.e+02
1.e+02 1.e+02 1.e+02 1.e+02 1.e+02 1.e+02 1.e+02 1.e+02 1.e+02
*SURFACE MASS
1.e+01 1.e+01 1.e+01 1.e+01 1.e+01 1.e+01 1.e+01 1.e+01 1.e+01 1.e+01 1l.e+01
1.e+01 1.e+01 1.e+01 1.e+01 1.e+01 1.e+01 1.e+01 1.e+01 1.e+01
*Hfo_sOH
1.e-02 1.e-02 1.e-02 1.e-02 1.e-02 1.e-02 1.e~-02 1.e-02 1.e-02 1.e-02 1.e-02
1.e-02 1.e~02 1.e-02 1.e-02 1.e-02 1.e-02 1.e-02 1.e-02 1.e-02
*Hfo_wOH
1. 1. 1. 1. 1. 1. t. 1. 1. 1, 1. 1. 1. 1, 1. 1. 1. 1. 1. 1.
*DENSITY OF WASTE
2200.0 2200.0 2200.0 2200.0 2200.0 2200.0 2200.0 2200.0 2200.0 2200.0
2200.0 2200.0 2200.0 2200.0 2200.0 2200.0 2200.0 2200.0 2200.0 2200.0
2
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L  Input File grm.kds
L.1 Species—dependent form
*SORPTION TYPE IN EACH CELL
111
111
«DEFAULT MACROSPECIES SORPTION DATA
1 1.0e-20 1.0e-14 0.03 1.0e-29 1.0e-14 1.0e-9 1.0e-9 1.0e-9 1.0e-9
2 1.0e-20 1.0e-14 0.03 1.0e-29 1.0e-14 1.0e-9 1.0e-9 1.0e-9 1.0e-9
3 1.0e-20 1.0e-14 0.03 1.0e-29 1.0e-14 1.0e-9 1.0e-9 1.0e-9 1.0e-9
4 1.0e-20 1.0e-14 0.03 1.0e-29 1.0e~14 1.0e-9 1.0e-9 1.0e~9 1.0e-9
5 1.0e-20 1.0e-14 0.03 1.0e-29 1.0e~14 1.0e-9 1.0e-9 1.0e-9 1.0e-9
6 1.0e-20 1.0e-14 0.03 1.0e-29 1.0e-14 1.0e-9 1.0e-9 1.0e-9 1.0e-9
*INDIVIDUAL MACROSPECIES SORPTION DATA
11 C
1 0.05 1.0e-14 0.03 1.0e-29 1.0e-14 1.0e-9 1.0e-9 1.0e-9 1.0e-9
2 0.02 1.0e-14 0.03 1.0e-29 1.0e~14 1.0e-9 1.0e-9 1.0e-9 1.0e-9
3 1.0e~-9 1.0e-14 0.03 1.0e~29 1.0e-14 1.0e~9 1.0e-9 1.0e-9 1.0e-9
4 1.0e-9 1.0e~14 0.03 1.0e-29 1.0e-14 1.0e-9 1.0e-9 1.0e-9 1.0e-9
5 1.0e-9 1.0e-14 0.03 1.0e-29 1.0e-14 1.0e-9 1.0e-9 1.0e-9 1.0e-9
6 1.0e-9 1.0e-14 0.03 1.0e-29 1.0e-14 1.0e-9 1.0e~9 1.0e-9 1.0e-9
0 (no more)
*DEFAULT MICROSPECIES SORPTION DATA
1 1.0e-3 1.0e-6 0.3571 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
2 1.0e~3 1.0e-6 0.3571 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
3 1.0e-3 1.0e~6 0.3571 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
4 1.0e-3 1.0e~6 0.3571 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
5 1.0e-3 1.0e-6 0.3571 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
6 1.0e~3 1.0e~-6 0.3571 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
*DEFAULT MICROELEMENT SORPTION DATA
303
1 3.0e-3 1.0e-6 0.042553 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
2 3.0e-3 1.0e-6 0.042553 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
3 3.0e-3 1.0e-6 0.042553 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
4 3.0e-3 1.0e-6 0.042553 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
5 3.0e-3 1.0e-6 0.042553 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
2
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6 3.0e-3 1.0e-6 0.042553 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el

306

1 2.0e-5 1.0e-6 0.1961 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el

2 2.0e-5 1.0e~-6 0.1961 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el

3 2.0e-5 1.0e-6 0.1961 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el

4 2.0e-5 1.0e-6 0.1961 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el

5 2.0e-5 1.0e-6 0.1961 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el

6 2.0e-5 1.0e~-6 0.1961 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el

0 (no more)

*INDIVIDUAL MICROSPECIES SORPTION DATA

0 (no more)
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L.2 pH-dependent form
*SORPTION TYPE IN EACH CELL
111111
222233
*DEFAULT MACROSPECIES SORPTION DATA
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 1.0e-9 1.0e-14 0.03 1.0e-29 1.0e-14 1.0e-9 1.0e-9 1.0e-9 1.0e-9
3 1.0e-9 1.0e-14 0.03 1.0e-29 1.0e-14 1.0e-9 1.0e-9 1.0e-9 1.0e-9
4 1.0e-9 1.0e-14 0.03 1.0e-29 1.0e-14 1.0e-9 1.0e-9 1.0e-9 1.0e-9
5 1.0e-9 1.0e-14 0.03 1.0e-29 1.0e-14 1.0e-9 1.0e-9 1.0e-9 1.0e-9
6 1.0e-9 1.0e-14 0.03 1.0e-29 1.0e~-14 1.0e-9 1.0e-9 1.0e-9 1.0e-9
*INDIVIDUAL MACROSPECIES SORPTION DATA
0 (no more)
*DEFAULT MICROELEMENT SORPTION DATA
1 0.0 0.0 0.0 0.00.0 0.3571 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
2 4.75e-6 0.0 0.0 0.0 1.0e-6 0.3571 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
3 4.75e-6 0.0 0.0 0.0 1.0e-6 0.3571 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
4 4,75e-6 0.0 0.0 0.0 1.0e-6 0.3571 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
5 4.75e-6 0.0 0.0 0.0 1.0e~6 0.3571 1.0eil 1.0el 1.0el 1.0el 1.0el 1.0el
6 4.75e-6 0.0 0.0 0.0 1.0e-6 0.3571 1.0el 1.0el 1.0el 1.0el 1.0el 1.0el
*INDIVIDUAL MICROELEMENT SORPTION DATA
0 (no more)
2
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M Input File grm.kin
KIN_MIN_1 0.0469 0.0432 0.0181
KIN_MIN_2 0.0219 0.0467 0.0024
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N Input File grm.rel
3 number of microelements
301 1.91E-11 0.001 0.04 Sr
0000
0000
1111
302 3.79E-8 0.0 0.008 Tc
0000
0000
1111
303 1.45E-8 0.0 0.012 I
0000
00 0
1111
2
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O PHREEQC OPTIONS

The compatibility of the PHREEQC speciation option with other runtime options
and integer parameters within GRM V4.1 are described below.

RUN TIME OPTIONS

YES means that the relevant runtime option may be set or

unset (i.e. equal to 1 or 0) if PHREEQC speciation is chosen. NO means
that the option must be unset. IRRELEVANT means that the particular
option has no effect on the simulation,

but it is recommended that it be set to 0.

YESCHM
* YES - This flag must be set for speciation (either PHREEQE or PHREEQC) to be an issue.

YESBUG
* NO - Gases are not handled correctly within PHREEQC at present.

YESCOR
* NO - Gases are not handled correctly within PHREEQC at present.

YESX
* YES

IMDFLW
* YES

ITDBCS
* YES

IFKD
* YES

ISLVBK
* JRRELEVANT - This solver is currently disabled for other reasons.

YESPE
* IRRELEVANT - Pe calculations are controlled by entries in input file.

PED2
2
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* IRRELEVANT - Only used if microbiology included.

PEHELD
* IRRELEVANT - Only used if microbiology included.

IHSRDX
* TRRELEVANT - Only used if microbiology included.

ISORCP
* NO - No separate micro-speciation within PHREEQC.

TH2NRM
* TRRELEVANT - Only used if microbiology included.

ISPWRN
* NO - Facility not implemented with PHREEQC.

IFE2CR
* TRRELEVANT - Only used if corrosion included.

IREOX
* IRRELEVANT - Only used if microbiology included.

INLIM
* IRRELEVANT - Only used if microbiology included.

ICEM
* NO - Facility not implemented within PHREEQC.

IMSBAL
* YES

ICHAIN
* NO - NLAPA not updated after PHREEQC speciation.

C14SWT
* NO - Facility not implemented with PHREEQC

IFLGH3
* NO - Gases not handled correctly within PHREEQC at present
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IFLGRN

* N0 - Gases not handled correctly within PHREEQC at present

IDROP
* NO - Mineral molecular weights not calculated for slumping calculations with PHREEQC

YESSCM
* YES

YESPPC
* YES
INTEGER PARAMETERS

YES means that the relevant parameter may be non-zero. NO means that it must be
set to zero.

NME
* YES - Microelements can be included, but speciated identically to bulk elements

NEMIC
* NO - This facility is unnecessary as all microelements are included in the bulk
chemistry
NKIN
* NO - Kinetic mineral precipitation/dissolution is not included in PHREEQC at
present
NCOL
* YES
NIEX
* YES
NSURF
* YES
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