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1.  PURPOSE

The purpose of this Analysis/Model Report (AMR) is to document the Near Field Environment
(NFE) and Unsaturated Zone (UZ) models used to evaluate the potential effects of coupled
thermal-hydrologic-chemical (THC) processes on unsaturated zone flow and transport.  This is in
accordance with AMR Development Plan for U0110 Drift-Scale Coupled Processes (Drift Scale
Test and THC Seepage) Models (CRWMS M&O 1999a). These models include the Drift Scale
Test (DST) THC Model and the THC Seepage Model. These models provide the framework to
evaluate THC coupled processes at the drift scale, predict flow and transport behavior for
specified thermal loading conditions, and predict the chemistry of waters and gases entering
potential waste-emplacement drifts.  This AMR provides input for the following:

• Performance Assessment (PA)
• AMR documenting the abstraction of drift-scale coupled processes models
• UZ Flow and Transport Process Model Report (PMR)  
• NFE PMR

The DST THC Model, constructed for the DST, is used to investigate THC processes during the
DST.  Measured data from the DST are used to evaluate the conceptual and numerical  models.
The iterative approach of evaluating, refining, and comparing the DST numerical model against
measured data is performed throughout the DST study.  The THC Seepage Model provides an
analysis of the effects of THC processes in the near field host rock around the potential
emplacement drifts on the seepage water chemistry and gas-phase composition. This includes a
complete description of the pertinent mineral-water processes in the host rock and their effect on
the NFE.  The model is used to evaluate the effects of mineral dissolution and precipitation, the
effects of CO2 exsolution and transport in the region surrounding the drift, the potential for
forming calcite, silica or other mineral assemblage “precipitation caps,” and the resulting changes
to porosity, permeability, and seepage.

Caveats and Limitations

The THC Seepage model was developed with data for a specific hydrogeologic unit, the Topopah
Spring Middle Nonlithophysal, in which part of the potential repository would be sited. Although
many aspects of the model are applicable to other host rock units of the potential repository,
differences in the mineralogy, geochemistry, and thermohydrological properties must be
considered before the results are directly applied elsewhere in the potential repository. One
limitation of the model is that it is a continuum model with limited initial heterogeneity, and
therefore is meant to represent the overall changes in space and time. Thus it cannot be applied
with certainty at a specific location.

The model must be recognized as an idealization of the real world that represents specific
physical processes occurring in the real world.  Input data summarized in Section 4 characterize
the physical properties of the rock but are not intended to include every detail.  In particular, we
note that the initial thermohydrologic properties of the rock vary vertically according to the
stratigraphy, but are treated as laterally uniform over the entire layer.  The infiltration of water is
also laterally uniform over the entire model area.  As a result of these simplifications, the model
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results describe overall changes in space and time within the model domain, but cannot be
considered as predictions of future conditions at any specific location.
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2.  QUALITY ASSURANCE

This AMR was developed in accordance with AP-3.10Q, Analyses and Models.  Other applicable
Department of Energy (DOE) Office of Civilian Radioactive Waste Management (OCRWM)
Administrative Procedures (APs) and YMP-LBNL Quality Implementing Procedures (QIPs) are
identified in the AMR Development Plan for U0110 Drift-Scale Coupled Processes (DST and
THC Seepage) Models (CRWMS M&O 1999a).

The activities documented in this Analysis/Model Report (AMR) were evaluated with other
related activities in accordance with QAP-2-0, Conduct of Activities, and were determined to be
subject to the requirements of the U.S. DOE Office of Civilian Radioactive Waste Management
(OCRWM) Quality Assurance Requirements and Description (QARD) (DOE 1998). This
evaluation is documented in Activity Evaluation of M&O Site Investigations CRWMS 1999b, c;
and Wemheuer 1999 (Activity Evaluation for Work Package WP 1401213UM1).  
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3.  COMPUTER SOFTWARE AND MODEL USAGE 

The software and routines used in this study are listed in Table 1.  These are appropriate for the
intended application, were used only within the range of validation, and are under software
configuration management in accordance with AP-SI.1Q, Software Management. The
qualification status of these software and routines is given in the DIRS in Attachment I.  

TOUGHREACT (TOUGHREACT V2.2, STN: 10154-2.2-00, Version 2.2) is the primary code
used in the DST THC and THC Seepage models. The codes SOLVEQ/CHILLER (SOLVEQ/
CHILLER V1.0, STN: 10057-1.0-00, Version 1.0) were utilized to perform supporting
computations for the models. SUPCRT92 (SUPCRT92 V1.0, STN: 10058-1.0-00, Version 1.0)
generates thermodynamic databases for use by SOLVEQ/CHILLER V1.0 and TOUGHREACT
V2.2.  The code TOUGH2 (TOUGH2 V1.4, STN: 10061-1.4-00, Version 1.4) was used to
generate boundary conditions.  The code AMESH (AMESH V1.0, STN: 10045-1.0-00,
Version 1.0) was used to generate grids for the two models. 

All software programs listed in Table 1, except TOUGHREACT V2.2, were reverified as part of
the YMP Configuration Management Software revalidation effort.  TOUGHREACT V2.2 is
being qualified under AP-SI.1Q, Rev 2, ICN 1.  After checking, errors in the calculation of
capillary pressure changes due to THC processes and gas species diffusion coefficients were
discovered. These are not expected to change the conclusions of this AMR, because they are not
dominant effects in the system. They will be evaluated in an Impact Review. EQ3/6 V7.2b is cited
in this AMR as a source of thermodynamic data, but was not used as software.

Standard spreadsheet and visual display graphics programs were also used but are not subject to
software quality assurance requirements per Section 2.0 of AP-SI.1Q, Rev 2, ICN 1.

Table 1.  Computer Software and Routines

Software Name Version 
Software Tracking Number 

(STN) 
Computer Platform 

TOUGHREACT 2.2 10154-2.2-00 SUN and DEC w/ Unix OS

SOLVEQ/
CHILLER

1.0 10057-1.0-00 SUN w/ Unix OS

PC w/ DOS

SUPCRT92 1.0 10058-1.0-00 SUN w/ Unix OS

PC w/ Windows

MAC w/ MAC OS

TOUGH2 1.4 10061-1.4-00 SUN and DEC w/ Unix OS

AMESH 1.0 10045-1.0-00 SUN w/ Unix OS

Routines: Accession Number (ACC):

2kgridv1a.for 1.0 MOL.19991201.0555 SUN w/ Unix OS

mk_grav2.f 1.0 MOL.19991201.0556 SUN w/ Unix OS

sav1d_dst2d.f 1.0 MOL.19991201.0557 SUN w/ Unix OS

mrgdrift.f 1.0 see Attachment VIII SUN w/Unix OS

NOTE: The source code for the software routines are provided in Attachment VIII.  The supporting 
documentation is included under the ACC number listed above.
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This AMR documents the DST THC and THC Seepage Model.  The input and output files for the
model runs presented in this AMR are listed in Attachment VII.  This AMR also utilizes
properties from the Calibrated Properties Model and boundary conditions from the UZ Flow and
Transport Model.  These models are documented in separate AMRs.
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4.  INPUTS

4.1 DATA AND PARAMETERS

4.1.1 Hydrological and Thermal Properties

The modeling analyses presented in this report utilized data from the lower, basecase and upper
bound calibrated hydrological property sets for the present day climate (see DTNs in Table 2).
The Q-status of all inputs is shown in the Document Input Reference Sheet (DIRS). Thermal
parameters were obtained from the mean calibrated property set, and are identical for all property
sets. These data are included in the DTNs in Table 2 for the calibrated property sets. The data sets
include calibrated properties such as fracture and matrix permeabilities and van Genuchten
parameters as well as uncalibrated properties such as porosity, heat capacity, and thermal
conductivity. DTNs for infiltration rates and model boundary water temperatures are also
included in Table 2. Specific hydrological and thermal parameters for the in-drift components of
the THC Seepage Model are given in Section 4.1.7.2.

4.1.2 Mineralogical Data

This section describes mineralogical data that are specific to the geologic units encountered in
Borehole SD-9 (the borehole closest to the Drift Scale Thermal Test) and in host rocks of Alcove
5 where this test is located. These data were used in the Drift Scale Test THC Model and the THC
Seepage Model (therefore the depth at which heat is directly input into these models contains
mineralogical data that are representative of the Topopah Spring Middle Nonlithophysal
(Tptpmn) repository host unit). They are input as volume fractions of a given mineral per total
solid volume, and as reactive surface areas (units of cm2/g mineral or m2/m3 of total medium,
including pore space). The two forms of the reactive surface area are used to describe minerals in
the matrix of the rock (cm2/g mineral) or those on the surface of fractures (m2/m3). These data are
given in Attachments II (volume fractions) and III (reactive surface areas) for minerals initially
present in the model hydrological units. The DTNs for data from which these properties were
derived are given in Table 2, and include Borehole SD-9 mass percent minerals as determined by
X-ray diffraction (3-D Mineralogical Model: LA9908JC831321.001). The calculation of the
mineral volume fractions and reactive surface areas require significant additional information,
such as mineral stoichiometries, mass densities, grain size and fracture-matrix surface area. The
fracture-matrix surface area is part of the mean calibrated hydrological property set and is listed
by DTN in Table 2. The calculation of the reactive surface areas and other mineral properties are
described in scientific notebook YMP-LBNL-YWT-ELS-1 (pp. 37-42).
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Table 2.  Data Tracking Numbers for Sources of Data Input to the DST THC Model and THC Seepage 
Model

DTNs Description

Hydrological and Thermal Rock Properties:

LB990861233129.001 Calibrated property set† – Basecase

LB990861233129.002 Calibrated property set† – Upper bound

LB990861233129.003 Calibrated property set† – Lower bound

LB997141233129.001 Fracture porosity

LB991091233129.001 Infiltration rate – Basecase

LL000114004242.090 Infiltration rates - Average Infiltration Rate (mean, lower 
bound, and upper bound for present day, monsoon, and 
glacial transition climates) from the TH drift-scale 
models.

Mineralogic Data

LASL831151AQ98.001 Mineralogic characterization of the ESF SHT Block

LA9912SL831151.001
LA9912SL831151.002

DST and SHT fracture mineralogy data

LA9908JC831321.001 Model input and output files for Mineralogic Model 
"MM3.0" Version 3.0. 

Water and Gas Chemistry Data

LB991215123142.001 CO2 gas analyses (1st, 2nd, 3rd and 7th Qtr.)

LB990630123142.003 4th, 5th, and 6th Qtr. DST CO2 data

LB000121123142.003 DST CO2 data (Aug. ‘99 - Nov. ‘99)

LL990702804244.100 Analyses of porewaters from the ESF (HD-PERM-1 and 
HD-PERM-2 samples)
Chemistry of water from DST hydrology boreholes
(Nov. ‘98 & Jan. ‘99)

Repository Drift Data

SN9907T0872799.001 Heat load data and repository footprint

SN9908T0872799.004 Hydrologic and thermal properties of drift design 
elements

SN9907T0872799.002 Effective thermal conductivity 

PA-SSR-99218.Ta (Design Criterion) Drift spacing

THC Seepage Model Grid Data

LB990501233129.004 Borehole SD-9 geology in UZ model grid 
UZ99_2_3D.mesh

LB990701233129.002 Top and bottom boundary temperatures, pressure, and 
boundary elevations

NOTES: Thermodynamic data for minerals, aqueous, and gaseous species are found in Attachment IV. 
Kinetic data for mineral-water reactions are found in Table 4.
† Data taken from the calibrated property sets include calibrated and uncalibrated hydrological and 
thermal properties.
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4.1.3 Water and Gas Chemistry 

The pore water composition chosen for the input to the simulations is summarized in Table 3.
These data are the average of two samples obtained from the Topopah Spring Tuff middle
nonlithophysal geologic unit (Tptpmn) in Alcove 5 near the DST (Table 3).  These are the only
relatively complete pore water analyses for samples collected from a potential repository unit near
the potential repository footprint. For model simulations, the initial water composition was set to
be the same in fractures and matrix, and the same throughout the model domain.  This water
composition was also used for infiltrating water, as discussed in Section 6.1.2. 

The initial CO2 partial pressure in fractures and matrix (Table 3) was calculated as the partial
pressure of CO2 in chemical equilibrium with the initial water at 25ºC, assuming ideal gas
behavior (i.e. partial pressure is equal to fugacity). The 25ºC temperature is close to the initial
temperature at the location of the drift. 

Table 3.  Initial Water Composition and CO2 Partial Pressure in Fractures, Matrix, and Recharge Waters.(1)  

Parameter/Species Units Concentration

pH (at 25ºC) pH Units 8.32

Na+ mg/l 61.3

SiO2(aq) mg/l 70.5

Ca2+ mg/l 101

K+ mg/l 8.0

Mg2+ mg/l 17

Al3+ mg/l 9.92x10-7 (2)

Fe3+ mg/l 6.46x10-8 (3)

HCO3
–(4) mg/l 200

Cl– mg/l 117

SO4
2– mg/l 116

F– mg/l 0.86

CO2 (gas) (5) Pa 85.2

DTN:  LB991200DSTTHC.001 (this Table), LL990702804244.100 for water 
composition (CRWMS M&O 1999e)

NOTES: (1) Average of Tptpmn Porewater Analyses ESF-HD-
PERM-1 (30.1'-30.5') and ESF-HD-PERM-2 (34.8'-35.1').
(2) Calculated by equilibrating with Ca-smectite at 25ºC 
(using SOLVEQ 1.0).
(3) Calculated by equilibrating with hematite at 25ºC (using 
SOLVEQ 1.0).
(4) Total aqueous carbonate as HCO3

–, calculated from 
charge balance computed by speciation at 25ºC (using 
SOLVEQ 1.0). 
(5) Calculated at equilibrium with the solution at 25ºC 
(using SOLVEQ 1.0).
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The initial CO2 partial pressure in the drift was set to be consistent with a CO2 concentration of
400 parts per million by volume (ppmv) in the drift, which is within the range of measured
concentrations in the ESF (DTN: LB990630123142.003). This concentration was also used for
the top model boundary concentration in the gas phase. The infiltrating water injected into the
grid block below the top boundary block is equilibrated with a CO2 concentration that is elevated
relative to the drift. 

There are very few complete pore-water analyses from other units of the Topopah Spring Tuff,
and none from the lower lithophysal unit (Tptpll). Data from the lower non-lithophysal unit
(Tptpln) (DTN: GS950608312272.001) suggest pore waters from this unit may exhibit a slightly
more sodium-carbonate character (and less calcium-chloride type) than the water composition
shown in Table 3. However, the general water chemistry trends resulting from THC processes
simulated in this study are not expected to vary significantly with the range of possible initial
water composition. In addition, the model uncertainty with respect to initial water composition is
likely to be insignificant relative to uncertainties in reaction rates, hydrologic parameters, and the
variability of pore water compositions within a particular geologic unit. 

4.1.4 Thermodynamic Database

Dissociation constants (log(K) values) for aqueous species, minerals, and CO2 gas as a function of
temperature were taken from various sources (Attachment IV).  Most values are from the EQ3/6
V7.2b database (data0.com.R2, dated aug.2.1995, STN:  LLNL:UCRL-MA-110662), which were
themselves primarily derived using SUPCRT92 (Johnson et al. 1992).  Other log(K) values were
computed as indicated in Attachment IV and further documented in YMP Scientific Notebooks
YMP-LBNL-YWT-NS-1 p. 72-77, 115, and 137, YMP-LBNL-YWT-NS-1.1 p. 96, and 104-117,
and YMP-LBNL-YWT-JA-1A p. 39-41 and 48-50).

Other data included in the thermodynamic database include molecular weights, molar volumes,
and parameters used for the calculation of activity coefficients for aqueous species.  The latter
consist of the ionic charge and the parameters ao used in the Debye-Hückel equation (e.g. Drever
1997, p. 28).  These data were for the most part taken from the EQ3/6 v7.2b database, with
exceptions as noted in Attachment IV. The molecular diameter of CO2 (Lasaga 1998, p. 322) is
also included in the database for calculation of the CO2 diffusion coefficient.

4.1.5 Kinetic Data

Kinetic data refer to the reaction rate constants (ko), activation energies (Ea), and related data
required to describe the rates of dissolution and precipitation of minerals at different temperatures
and fluid  chemistries. These data are taken directly from or are recalculated from published
scientific literature. These data and their sources are listed in Table 4.
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Table 4.  Kinetic Rate Law Data For Mineral-Water Dissolution and Precipitation 

Mineral† k0 (mol m-2 s-1) Ea (kJ/mol)(1) m(2) n(2)
Comment(3)

Reference

α-
Cristobalite

3.1623x10-13

see reference

69.08

0.0

1

1

1

1

Renders et al. (1995) 
Log k = -0.707-2598/T(K) 
from Rimstidt and 
Barnes (1980) p. 1683

Quartz 1.2589x10-14 87.5 1 1 no precip. Tester et al. (1994)

Tridymite 3.1623x10-13 69.08 1 1 no precip. Set to α-Cristobalite

Amor. Silica 7.9433x10-13

1.0x10-10

62.8

0.0

1

4.4

1

1

Rimstidt and Barnes 
(1980) p. 1683

Carroll et al. (1998) p. 
1379

Calcite 1.6x10-9 41.87 1 1 Rate constant k modified 
after Svensson and 
Dreybrodt (1992) p. 129; 
average Ea from Inskeep 
and Bloom (1985), p. 
2178

Microcline 1.0x10-12 57.78 1 1 Blum and Stillings (1995)

Albite-Low 1.0x10-12 67.83 1 1 Blum and Stillings (1995)

Anorthite 2.5x10-19 67.83 1 1 no precip. Set to albite, then 
modified for equivalent 
Q/K

Smectite-Ca 1.0x10-14 58.62 1 1 Set to illite

Smectite-Na 1.0x10-14 58.62 1 1 Set to illite

Smectite-Mg 1.0x10-14 58.62 1 1 Set to illite

Smectite-K 1.0x10-14 58.62 1 1 Set to illite

Illite 1.0x10-14 58.62 1 1 Assumed equal to 
muscovite (Knauss and 
Wolery 1989)

Kaolinite 1.0x10-13 62.8 1 1 Nagy (1995)

Sepiolite 1.0x10-14 58.62 1 1 Set to illite

Stellerite 1.99x10-12 62.8 1 1 Set to heulandite

Heulandite 1.99x10-12 62.8 1 1 Ragnarsdottir (1993) p. 
2439, 2447

DTN:  LB991200DSTTHC.A01
NOTE: ko Rate Constant
                  Ea Activation Energy 

                  † First line refers to dissolution rate, second line to precipitation rate if different (unless otherwise stated 
in “Comment” column). “Vphyre” refers to the basal vitrophyre of the TSw unit. This composition of glass 
was used for all glass-bearing units, including the non-welded PTn glassy tuffs.
(1) Some values differ slightly from sources because of number of significant figures retained in unit 
conversions.

                  (2) Exponents m and n in Equation 6.
                  (3) “no precip” means precipitation of this mineral is not allowed.
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Mordenite 1.99x10-12 62.8 1 1 Set to heulandite

Clinoptilolite 1.99x10-12 62.8 1 1 Set to heulandite

Glass 
(vphyr)

7.7233x10-15 91 1 1 no precip. Recalculated ko based 
on diffusion-limited 
model of Mazer et al. 
(1992) pp. 573, 574

Gypsum equilibrium - - - Not needed

Hematite 7.9433x10-13 62.8 1 1 Set to dissolution rate of 
amorphous silica

Goethite equilibrium - - - Not needed

Fluorite 1.2224x10-7 0 1 2 Calculated ko from linear 
growth rate of Knowles-
Van Cappellan et al. 
(1997) p. 1873

Table 4.  Kinetic Rate Law Data For Mineral-Water Dissolution and Precipitation  (Cont.)

Mineral† k0 (mol m-2 s-1) Ea (kJ/mol)(1) m(2) n(2)
Comment(3)

Reference

DTN:  LB991200DSTTHC.A01
NOTE: ko Rate Constant
                  Ea Activation Energy 

                  † First line refers to dissolution rate, second line to precipitation rate if different (unless otherwise stated 
in “Comment” column). “Vphyre” refers to the basal vitrophyre of the TSw unit. This composition of glass 
was used for all glass-bearing units, including the non-welded PTn glassy tuffs.
(1) Some values differ slightly from sources because of number of significant figures retained in unit 
conversions.

                  (2) Exponents m and n in Equation 6.
                  (3) “no precip” means precipitation of this mineral is not allowed.
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The quantities listed in Table 4 are defined and used in Equations 6 and 7 in Section 6.1.4.  Most
of the sources cited in Table 4 require pH to calculate k0; in those cases a near-neutral pH (~7.0)
was assumed as stated in Section 5.  For minerals where no kinetic data were found in the
literature, rate constants were assumed to be equal to those of minerals with similar crystal
structure or mineral group (Klein and Hurlbut 1993). The value of k0 assigned for calcite,

1.6 x 10-9 mol m-2 s-1 is 1000 times smaller than the value reported in Svensson and Dreybrodt
(1992); this adjustment was made so that model time steps would not need to be reduced to
impractically small values (days or less). Even when divided by 1000, the calcite rate constant is
large and reflects near-equilibrium precipitation/dissolution. Therefore, increasing the original
value is not expected to significantly change the simulation results.

Reaction rate laws can take numerous forms of which a few different types are used for the model
analysis. The form of these rate laws and their significance are described in Section 6.1. 

4.1.6 Transport Parameters

Transport parameters considered in the model are diffusion coefficients for aqueous and gaseous
species and tortuosities of the fracture, matrix, and engineered system components. Diffusion
coefficients for aqueous species are considered to be identical and equal to the tracer diffusion
coefficient of a single aqueous species (Cl) at infinite dilution. The aqueous diffusion coefficient
of Cl at infinite dilution is 2.03 x 10-9 m2/s at 25°C (Lasaga 1998, Table 4.1, p. 315), which in the
model input was rounded to 2.0 x 10-9 m2/s. In the gas phase, CO2 is the only transported reactive
species (other than H2O vapor). For an ideal gas, the tracer diffusion coefficient of a gaseous
species can be expressed as a function of temperature and pressure in the following form (Lasaga
1998, p. 322):

(Eq. 1)

where 

D = diffusion coefficient (m2/s)

R = gas constant (8.31451 m2 kg s-2 mol-1 K-1)

T(K) = temperature in Kelvin units

P = pressure (kg m-1 s-2)

NA = Avogadro's number (6.0221367 x 1023 mol-1)

dm = molecular diameter (m)

M = molecular weight (kg/mol)

M

RT

dPN

RT
D

mA
ππ
8

23 2
=
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For CO2, the following values were used:

dm = 2.5 x 10-10 m (Lasaga, 1998, p. 322)

M = .04401 kg/mol (calculated from atomic weights, Klein and Hurlbut 1993, p. 172)

Tortuosities were set to 0.7 for fractures (DTN:  LB990861233129.001) based on models of in-
situ testing. This value corresponds to the highest tortuosity given by de Marsily (1986, p. 233),
with the rationale that fracture tortuosity should be high compared to matrix tortuosity (i.e. less
tortuous path in fractures than in the matrix). Fracture tortuosities were further modified for
fracture-fracture connections by multiplication of the tortuosity by the fracture porosity of the
bulk rock to obtain the correct value for the fracture to fracture interconnection area (only for
calculation of diffusive fluxes; the entire grid block connection area is used for calculating
advective fluxes, because the bulk fracture permeability of the entire grid block is entered into the
model). Matrix tortuosities are unknown, and therefore a value of 0.2 was estimated from values
reported by de Marsily (1986, p. 233). 

4.1.7 Design Data

4.1.7.1 Drift Scale Test

The development of the two-dimensional numerical mesh for the Drift Scale Test is documented
in notebook YMP-LBNL-YWT-SM-1 (pp. 291–308). These data include the drift layout (e.g.,
drift diameter, concrete invert, bulkhead and insulation) and the location of wing heaters. Other
data include the drift and wing heater power output (YMP-LBNL-YWT-SM-1, pp. 309–313).
Some modifications to the properties of the insulation are given in scientific notebook
YMP-LBNL-YWT-ELS-1 (p. 35).

4.1.7.2 Design of Potential Waste-Emplacement Drifts

Two time periods are considered in the drift design and related data input into the model:

• A 50-year pre-closure period during which 70 percent of the heat released by the waste
packages is removed by ventilation.

• A post-closure period immediately following the initial 50-year pre-closure period and
extending to 100,000 years (the total simulation time), during which a drip shield and
backfill are above the waste packages and no heat is removed by ventilation.

Accordingly, some of the drift-specific model input data are not the same for the pre-closure and
post-closure time periods. These design data are for the TSPA-SR, Rev.0, Base Case.  

The model drift geometry and thermophysical properties of design elements (waste package,
backfill) are shown in Table 5 and Figure 1.  These data are referenced in Table 2.  These design
data are for the TSPA-SR, Rev.0, Base Case.  The discretization of the drift is consistent with the
dimensions shown in Figure 1, within the limits imposed by the resolution of the model mesh.
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Table 5.  Drift Design Parameters 

Model Input Value

Drift diameter 5.5 meters

Waste package outer diameter 1.67 meters

Location of waste package center above bottom of drift 1.945 meters

Location of waste package center below the springline 0.805 meters

Angle of Repose 26o

Minimum depth of backfill cover (this occurs at an angle equivalent to the angle 
of repose measured off the vertical drawn from the waste package centerline)

1.495 meters

Drip shield thickness 0.02 meters

Air gap between waste package surface and the inside of drip shield 0.396 meters

Location of backfill spoil peak (this is the location where the top of the backfill 
intersects the vertical drawn from the drift centerline) above the drift springline

2.25 meters

Backfill/drift wall intersection point 1.0 meter above the 
springline at the drift wall 
intersection

Air gap above invert and below waste package surface 0.504 meters 

Inside radius of drip shield 1.231 meters

Top of invert as measured from bottom of drift 0.606 meters

Waste package thermal conductivity 14.42 W/m-K

Waste package density 8189.2 kg/m3

Waste package specific heat 488.86 J/kg-K

Invert intrinsic permeability 6.152x10-10 m2

Invert porosity 0.545

Invert grain density 2530 kg/m3

Invert residual liquid saturation 0.092

Invert alpha (van Genuchten) 1.2232x10-3 Pa-1

Invert n (van Genuchten) 2.7

Invert specific heat 948 J/kg-K

Invert thermal conductivity 0.66 W/m-K

Backfill intrinsic permeability 1.43x10-11 m2

Backfill porosity 0.41

Backfill grain density 2700 kg/m3

Backfill residual liquid saturation 0.024

Backfill alpha (van Genuchten) 2.7523x10-4 Pa-1

Backfill n (van Genuchten) 2.0

Backfill specific heat 795.492 J/kg-K

Backfill thermal conductivity 0.33 W/m-K

DTN: SN9908T0872799.004



Title: Drift-Scale Coupled Processes (DST and THC Seepage) Models N0120/U0110

MDL-NBS-HS-000001 REV00 28 March 2000

DTN: SN9908T0872799.004

Figure 1. Sketch (Not to Scale) Corresponding to In-Drift Data for Drift-Scale Models for TSPA-SR 
(Rev 01)

To account for the 50-year pre-closure period without backfill, backfill (as shown on Figure 1)
was included in the model only for simulation times greater than 50 years. The drip shield itself
was not modeled, but its thickness and thermal conductivity were considered in the width and
thermal properties, respectively, of the open zone between the waste package and backfill during
the post-closure period. 

The heat load from the waste package was obtained from DTN: SN9907T0872799.001.  The
averaged heat transfer from the waste package, as a function of time, is shown in Attachment V.
The initial heat transfer from the waste package is 1.54 KW/m(drift) and decays with time to
0.187 KW/m at 50 years, and less than .003 KW/m after 1000 years. For the simulated first 50
years only 30 percent of this heat is input into the model to account for 70 percent heat removal by
ventilation during the pre-closure period.

Heat transfer from the waste package to the drift wall is implemented in the model by using time-
varying “effective” thermal conductivities (for open spaces within the drift) that were calculated
to account for radiative and convective heat-transport components. These time-varying data were
input into the model as coefficients (values between 0 and 1) for each open zone within the drift.
Each zone was also assigned a constant maximum thermal conductivity (Kthmax), which was then

0.606 m

Sketch not to
scale

Springline

0.5 m

1.339 m

1 m2.75 m

1.495 m

0.396 m

0.835 m

26 deg
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multiplied by the corresponding time-varying coefficients to obtain effective conductivities as a
function of time (Attachment VI).  The sources of these data are listed in Table 2.  

The effective thermal conductivities and corresponding open zones of the drift during preclosure
are not the same as during post-closure. Only one open space between the waste package and the
drift wall is considered for the pre-closure period (no backfill or dripshield, Kthmax = 10.44 W/m
K).  For post-closure, two zones are considered: (1) the open space between the waste package
and the dripshield (Inner Zone, dripshield included, Kthmax = 3.426 W/m K), and (2) the open
space between the backfill and the drift wall (Outer Zone, Kthmax = 9.068 W/m K) (Figure 1).
Accordingly, model runs were started with the pre-closure thermal conductivity data, then stopped
after 50 years and restarted with the corresponding post-closure data. 

The implementation of the drift design into the model is further documented in Scientific
Notebook YMP-LBNL-DSM-NS-1, p. 11-14.  

4.2 CRITERIA

This AMR complies with the DOE interim guidance (Dyer 1999).  Subparts of the interim
guidance that apply to this analysis or modeling activity are those pertaining to the
characterization of the Yucca Mountain site (Subpart B, Section 15), the compilation of
information regarding geochemistry and mineral stability of the site in support of the License
Application (Subpart B, Section 21(c)(1)(ii)), and the definition of geochemical parameters and
conceptual models used in performance assessment (Subpart E, Section 114(a)).

4.3 CODES AND STANDARDS

No specific formally established standards have been identified as applying to this analysis and
modeling activity.
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5.  ASSUMPTIONS

There are many assumptions that generally underlie numerical modeling of heat and fluid flow in
unsaturated porous fractured media. In addition to these assumptions there are numerous
assumptions underlying the calculation of mineral-water reactions, the transport of aqueous and
gaseous species, and the conceptual models that are used to describe the chemical and physical
systems.

The model assumptions are categorized according to the section into which they apply and are as
follows:

A.  General THC Process Model Assumptions (used in Sections 6.1, 6.2, and 6.3)

1. It is assumed that the rock can be described by the dual permeability model that
considers separate, but interacting fracture and matrix continua. The fracture continuum
is considered as separate but interacting with the matrix continuum, in terms of the flow
of heat, water, and vapor through advection and conduction. Aqueous and gaseous
species are transported via advection and molecular diffusion between fractures and
matrix. Each continuum has its own well-defined initial physical and chemical
properties. It is assumed that the dual-permeability approach, with appropriate material
and fracture properties and an appropriate discretization of time and space, is an
accurate approximation of the real world. The dual-permeability approach for modeling
physical processes in fractured-porous media is discussed in detail in other AMRs.  This
approach is validated by the comparison of measured geochemical data to results of
simulations presented in this AMR (Section 6.2.7).  No further justification is necessary. 

2. It is assumed that the thermal conductivity and heat capacity of the precipitated mineral
assemblage are the same as the host rock. The mass of mineral precipitated is much
smaller than the mass of mineral originally in place. Also, because nearly all of the
minerals treated in the model are naturally occurring at Yucca Mountain, this
assumption is reasonable and does not need to be validated.

3. It is assumed that the infiltrating water and that in the fractures have the same chemical
composition as the matrix pore water that was collected from Alcove 5, near the Drift
Scale Test location, as given in Table 3. This analysis is the average of two samples
taken near the DST location; therefore it may be taken as typical. A more detailed
discussion of this assumption is given in Section 6.1.2. No further justification is
required for this assumption.

4. It is assumed that the physical properties of the gas phase are unaffected by changes in
the partial pressure of CO2 resulting from heating, calcite reactions, and gas-phase
transport. This assumption is justified by the results of the model runs (Figures 28 and
29), which show that the volume fraction of CO2 is generally less than 5% and always
less than 10%. Although the molecular weight of CO2 is greater than that of air
(approximately 44 versus 29), the density is only increased proportionally to the volume
fraction of CO2 and the ratio of the molecular weights. This would result in a density
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increase of about 5% for a gas with a volume fraction of CO2 of 10%. These conditions
make the effect of evolved CO2 on the physical properties of the gas phase negligibly
small, and justify the use of this assumption without further justification.

5. Diffusion coefficients of all aqueous species are assumed to be the same.  This is
justified because the tracer diffusion coefficients of aqueous species differ by at most
about one order of magnitude, with many differing by less than a factor of 2 (Lasaga
1998, p. 315). This assumption does not need to be confirmed, for the above reason.

6. The dissolution rate of silica-rich glass has been found to follow a dependence of H2O
diffusion through a reaction-product layer (Mazer et al. 1992). Because the volcanic
glass in the rocks at Yucca Mountain is approximately 10 million years old, and has
undergone varying degrees of alteration, a constant thickness product layer on the glass
surface was assumed for recalculation of the dissolution rate constant at 25°C.  It is
assumed that the uniform layer is 10 µm thick. The layer cannot be thicker than a typical
grain diameter (100 µm).  However if it is too thin, a typical grain would be completely
dissolved in less than 10 million years.  A thickness of 10 µm results in a grain
dissolution thickness of about 30 µm, thus satisfying both the above requirements.
Details of the calculations are given in scientific notebook YMP-LBNL-YWT-ELS-1, p.
43.  No further justification or confirmation is necessary.

B.  Specific Drift Scale Test THC Model Assumptions (used in Section 6.2)

1. Heat transfer from the electrical heaters in the drift to the wall of the drift is
approximated by applying heat directly to the drift wall, instead of calculating radiative
heat effects. Because THC processes in the rock outside the drift are our main objective,
it is only necessary to capture the effective heat flux into the wall of the drift. This
assumption does not need to be confirmed as it is solely used as an alternative method
for specifying the heat flux into the rock mass.

2. The concrete invert is considered non-reactive and does not affect the chemistry of
waters and gases outside the drift. Because the system is in a heating phase, the concrete
is drying out over the time-scale investigated and thus there is no seepage water to
interact with it.

C.  Specific THC Seepage Model Assumptions (used in Section 6.3)

1. For the THC Seepage Model simulations, the drift wall is considered as a no-flux
boundary for fluid and chemical species. There are a few major reasons for making this
assumption. First, our objective is to calculate the water and gas compositions that reach
the drift wall, and not THC processes in the drift itself; in-drift THC processes are being
considered in AMRs that are being prepared in support of the Engineered Barrier
Systems PMR. Because the consideration of a permeable drift wall would necessitate
having transport of aqueous and gaseous species through very small volume elements,
the computational effort is increased dramatically. In either case, processes in the rock
outside the drift govern compositions of aqueous liquids and gases entering the drift and
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therefore this assumption is valid. Second, for a homogeneous fracture system with
constant surface infiltration, the wall would act as a capillary barrier, and thus the liquid
fluxes very close to the drift wall are adequately described by the model as chosen,
except where there is backfill. Advective fluxes of gas at the wall may differ with a
closed boundary, because convection across the boundary would not occur locally. The
net gas flux toward the drift wall should be good approximation of the total gas flux into
or out of the drift, assuming that the drift responds mainly to pressure changes in the
mountain. No further justification is required for this assumption.

2. The backfill and invert are assumed to be non-reactive. Because only THC processes
outside the drift are considered, this assumption does not need to be confirmed.
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6.  ANALYSIS/MODEL

The conceptual model, the DST THC model, and the THC seepage model and results are
presented in this section.  Section 6.1 describes the conceptual model for THC processes.
Section 6.2 describes the DST THC model and provides validation of the conceptual model by
comparison to measured water and gas chemical data.  The THC seepage model is presented in
Section 6.3, giving predictions of coupled THC processes for 100,000 years under boundary
conditions that are varied to represent the effects of potential climatic change.

The model development, data, and results are documented in the scientific notebooks listed in
Table 6 below.  

6.1 THE DRIFT SCALE THC CONCEPTUAL MODEL

This section describes the THC process model underlying the numerical simulations of THC
processes in the DST and for the THC Seepage model. There are many considerations regarding
the development of a conceptual model that describes processes involving liquid and vapor flow,
heat transport and thermal effects due to boiling and condensation, transport of aqueous and
gaseous species, mineralogical characteristics and changes, and aqueous and gaseous chemistry.
A conceptual model of reaction-transport processes in the fractured welded tuffs of the potential
repository host rock must also account for the different rates of transport in very permeable
fractures, compared to the much less permeable rock matrix. The following subsections describe
the conceptual models for the various physical and chemical processes.

6.1.1 Dual Permeability Model for THC Processes

Transport rates greater than the rate of equilibration via diffusion necessarily leads to
disequilibrium between waters in fractures and matrix. This can lead to differences in the stable
mineral assemblage and to differences in reaction rates. Because the system is unsaturated, and
undergoes boiling, the transport of gaseous species is an important consideration. The model must
also capture the differences between initial mineralogy in fractures and matrix and their evolution.
To handle these separate yet interacting processes in fractures and matrix, we have adopted the
dual permeability method. In this method, each grid block is separated into a matrix and fracture

Table 6.  Scientific Notebooks

LBNL Scientific Notebook 

ID

YMP M&O Scientific 

Notebook ID

Page numbers Accession number

YMP-LBNL-YWT-ELS-1 SN-LBNL-SCI-109-V1 35-70 MOL.19991109.0319

YMP-LBNL-YWT-NS-1 SN-LBNL-SCI-112-V1 72-77, 115, 137 MOL.19991124.0388

YMP-LBNL-YWT-NS-1.1 SN-LBNL-SCI-112-V1 96, 104-117 MOL.19991109.0320

YMP-LBNL-YWT-JA-1A SN-LBNL-SCI-005-V1 39-41, 48-50 MOL.19991123.0065

YMP-LBNL-DSM-ELS-1 SN-LBNL-SCI-142-V1 3-20 MOL.19991123.0063

YMP-LBNL-DSM-NS-1 SN-LBNL-SCI-141-V1 1-30 MOL.19991123.0064

YMP-LBNL-YWT-SM-1 SN-LBNL-SCI-100-V1 291-313, 321-324 MOL.19991207.0138
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continuum, each of which is characterized by its own pressure, temperature, liquid saturation,
water and gas chemistry, and mineralogy. Figure 2 illustrates the dual permeability conceptual
model used for THC processes in the DST THC Model and the THC Seepage Model.

Figure 2. Conceptual Model (Schematic) for Reaction-Transport Processes In Dual-Permeability 
Media

6.1.2 Initial Water Chemistry

The infiltrating water chemistry could be chosen from either the pore water chemistry in the UZ at
or above the potential repository horizon, or from a more dilute composition found in the perched
water or saturated zone.  The perched waters are much more dilute than UZ pore waters and
isotopic compositions (36Cl/Cl, 18O/16O, D/H, 14C) and Cl concentrations suggest that they have
a large proportion of late Pleistocene/early Holocene water (Levy et al. 1997, p. 906; Sonnenthal
and Bodvarsson 1999, p. 107–108).

However, for drift-scale THC processes in the TSw Unit, the water entering the top of the unit
comes from the base of the PTn and is not necessarily the same composition as water entering the
TCw near the land surface. A conceptual model that explains the aqueous chemistry and
background 36Cl/Cl isotopic ratios in the Exploratory Studies Facility holds that percolating water
must pass mostly through the PTn matrix (because of its high permeability and low fracture
density) before reverting to dominantly fracture flow in the TSw. As discussed in Levy et al.
(1997, p. 907–908) this seems to be true for all areas except near large structural discontinuities in
the PTn (i.e., faults). Hence, percolating water in the TSw, ultimately had come predominantly
through the PTn matrix. Analyses of PTn pore waters (and some at the top of the TSw) and many
Cl analyses of TSw pore waters are consistent with this interpretation (Sonnenthal and
Bodvarsson 1999, p. 140-141).  Therefore, as stated in Section 4.1.3, the infiltrating water and the
water in the fractures are set to the same chemical composition as the matrix pore water collected
from Alcove 5, and listed in Table 3.

AQUEOUS AND GASEOUS
SPECIES DIFFUSIVE AND 
ADVECTIVE TRANSPORT
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6.1.3 Numerical Model for Coupled THC Processes

The geochemical module incorporated in TOUGHREACT V2.2 solves simultaneously a set of
chemical mass-action, kinetic rate expressions for mineral dissolution/precipitation, and
mass-balance equations. This provides the extent of reaction and mass transfer between a set of
given aqueous species, minerals, and gases at each grid block of the flow model (Xu and Pruess
1998; Xu et al. 1999). Equations for heat, liquid and gas flow, aqueous and gaseous species
transport, chemical reactions, and permeability/porosity changes are solved sequentially (e.g.,
Steefel and Lasaga 1994, p. 550).

The setup of mass-action and mass-balance equations in TOUGHREACT V2.2 is similar to the
formulation implemented in Reed (1982, pp. 514–516). Additional provisions are made for
mineral dissolution and precipitation under kinetic constraints and a volume-dependent
formulation for gas equilibrium, as described below. The chemical system is described in terms of
primary aqueous species (the independent variables).  Minerals, gases, and secondary aqueous
species are defined in terms of reactions involving only the primary species.  It has been shown
that if the diffusivities of all aqueous species are equal, as assumed in Section 5, only the transport
of primary species (in terms of total dissolved concentrations) needs to be considered to solve the
entire reactive flow/transport problem (Steefel and Lasaga 1994, p. 546).

The system of nonlinear equations, describing chemical mass-balance, mass-action, and kinetic
rate expressions is solved by a Newton-Raphson iterative procedure.  Activity coefficients of
aqueous species are computed by an extended Debye-Huckel equation (e.g. Drever 1997, p. 28,
eq. 2-12).  Activity coefficients of neutral species are currently assumed equal to one, and the
activity of water is computed using a method described in Garrels and Christ (1965, pp. 64–66).

Equilibration with mineral phases is computed by adding a mass-action equation, for each
saturated mineral, into the system of nonlinear equations as follows:

(Eq. 2)

where Ki denotes the equilibrium constant and Qi the product of the ion activities in the reaction
that expresses mineral i in terms of the primary aqueous species.  A term representing the amount
of primary aqueous species consumed or produced by equilibration of minerals is added to the
mass-balance equation for each primary species involved in mineral reactions, and is solved
simultaneously with the concentrations of all primary species.

Gas species, such as CO2, are treated as ideal mixtures of gases in equilibrium with the aqueous
solution.  A mass-action equation is added to the system of simultaneous equations for each
saturated gas present, except for H2O vapor and air which are handled separately through the flow
module in TOUGHREACT V2.2.  The gas mass-action equation takes the form:

(Eq. 3)
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where Pi is the partial pressure of gaseous species i. Pi is first calculated from the
advective-diffusive gas transport equation in TOUGHREACT V2.2. Then Pi is replaced with the
ideal gas law,

(Eq. 4)

where ni denotes the number of moles of gas species i, R is the gas constant, T is absolute
temperature, and Vg is the gas total volume.  By expressing Vg in terms of the gas saturation Sg,
the porosity of the medium φ, and the volume of each grid block in the flow model Vblock,
Equation 4 is rewritten as:

(Eq. 5)

The gas saturation is computed in the flow module of TOUGHREACT V2.2 (H2O and air). The
amount of trace gas species (ni/Vblock) is then obtained by substitution of Equation 5 into 3 and
solving together with the concentrations of all primary species. 

The partial pressures of gas species are not fed back to the multiphase flow module of
TOUGHREACT V2.2 for solving the water and gas flow equations. Therefore, this method
should only be applied to gases with partial pressures significantly lower than the total gas
pressure.  There is no absolute cutoff for which this approximation breaks down, and therefore it
is validated by comparison to DST measured CO2 concentrations. For cases where the partial
pressures of a trace gas become closer to the total pressure, chemical equilibrium with the
aqueous phase is computed correctly but the gas pressure will be underestimated in the mass-
balance equation solved for gas flow. Because CO2 concentrations encountered in the Drift Scale
Test and model simulations are generally less than a few percent, and rarely over 10%, this model
for the gas species is a reasonable approximation for this particular system (see Section 5).

6.1.4 Kinetic Rate Laws

Rates of mineral dissolution and precipitation close to equilibrium can be described via a
relationship of the rate to the saturation index (Q/K), as follows (Steefel and Lasaga 1994, p. 540):

(Eq. 6)

where ai is the activity of each inhibiting or catalyzing species, and p is an empirically determined
exponent.  The rate constant (k) is given as (Steefel and Lasaga 1994, p. 541):
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(Eq. 7)

Following Steefel and Lasaga (1994, p. 568), we set p=0 for each species so that the product

, and has been eliminated from Equation 6.  The ratio of the species activity product (Q)

and the equilibrium constant (K) describes the extent to which a mineral is in disequilibrium with
a given solution composition. For Q/K equal to one, the mineral is at equilibrium and thus the net
rate of reaction becomes zero. For Q/K greater than one, the mineral is oversaturated and thus the
rate becomes positive. The expression “sgn [log(Q/K)]” ensures that the correct sign is enforced
when the exponents m and n are not equal to one. The variable Am is the reactive surface area

expressed in units of m2 mineral/kg water. The temperature dependence of reaction rates is given
by the activation energy (Ea) in units of kJ/mol. T is the temperature in Kelvin units.

Carroll et al. (1998, p. 1379) noted that the calculated rates of amorphous silica precipitation,
based on Rimstidt and Barnes (1980, p. 1683) are about three orders of magnitude lower than
those observed in geothermal systems. Carroll et al. (1998, p. 1379) presented experimental data
on amorphous silica precipitation for more complex geothermal fluids at higher degrees of
supersaturation, and also for a near-saturation simple fluid chemistry. Under far from equilibrium
conditions, the rate law for amorphous silica precipitation has been expressed as (Carroll et al.
1998, p. 1382):

(Eq. 8)

This rate does not tend to zero as Q/K goes to one, and therefore, a modification was made to this
law so that it tends to zero as Q/K approaches one (described in scientific notebook
YMP-LBNL-YWT-ELS-1, p. 45).

The dissolution rate of silica-rich glass has been found to follow a dependence of H2O diffusion
through a reaction product layer (Mazer et al. 1992). Given that the volcanic glass in the rocks at
Yucca Mountain is at least 10 million years old, and has undergone varying degrees of alteration,
there should be significant development of a reaction product layer.  A constant thickness product
layer on the glass surface was assumed (Assumption A6 in Section 5) for recalculation of the rate
constant at 25 ºC. This thickness was taken to be 10 microns. Details of the calculation are given
in scientific notebook YMP-LBNL-YWT-ELS-1 (p. 43).

The rate constant for dissolution and precipitation of fluorite was recalculated from the linear
growth rate of grains (Knowles-van Cappellan et al. 1997, p. 1873) by taking the grain to have a
cubic morphology.  Details of the calculation are given in scientific notebook
YMP-LBNL-YWT-ELS-1 (p. 44).

Kinetic data for minerals that were used in the simulation of drift-scale THC processes were given
in Table 4, with comments regarding their sources and derivations.
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Over a finite time step (∆t), the change in the concentration of each primary species j due to
mineral precipitation or dissolution under kinetic constraints is computed from the sum of the
rates, ri, of all j-containing minerals i as follows:

(Eq. 9)

where νij is the stoichiometric coefficient of component j in mineral i. These concentration
changes are incorporated into the mass-balance equation of each primary species involved in
mineral reactions, using Equations 6 through 8, and solved simultaneously with the
concentrations of all primary species.

6.1.5 Fracture and Matrix Mineral Reactive Surface Areas

6.1.5.1 Fracture Mineral Reactive Surface Areas

In the dual-permeability method, the porosity of the fracture medium can be taken as 1.0;
however, for modeling of mineral dissolution and precipitation, there would be no rock to
dissolve. Because the dissolution rates of many minerals are quite small at temperatures below
100°C, only a small volume of rock adjoining the open space of the fracture need be considered as
the starting rock fraction.  The porosity of the fracture medium was set to 0.99, thus making
available 1% of the total fracture volume for reaction, but producing a minimal effect on flow and
transport in the fracture continuum.

Reactive surface areas of minerals on fracture walls were calculated from the fracture-matrix
interface area/volume ratio, the fracture porosity, and the derived mineral volume fractions. The
fracture-matrix interface areas and fracture porosities for each unit were taken from the calibrated
properties set (DTN:  LB990861233129.001). These areas were based on the fracture densities,
fracture porosities, and mean fracture diameter. The wall of the fracture is treated as a surface
covered by mineral grains having the form of uniform hemispheres. The geometric surface area of
the fracture wall can be approximated by:

(Eq. 10)

where Ar is the reactive surface area (m2/m3 fracture medium), Af-m is the fracture matrix interface

area/volume ratio (m2 fracture/m3 fracture + matrix volume), and φf-m is the fracture porosity of the
rock. This is the surface area that is given as an input to the model simulations as an
approximation of the reactive surface area.

The reactive surface area of each mineral (in units of m2 mineral /kg water) that is used in
Equations 6 and 8 is then given by:

trC jiij ∆−=∆ ∑ ,ν
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(Eq. 11)

where fm is the volume fraction of the mineral in the mineral assemblage, ρw is the density of

water (taken as a constant 1000 kg/m3) and φf is the porosity of the fracture medium, as opposed
to the fracture porosity of the rock. This is the surface area/water mass ratio for a mineral in a
liquid-saturated system.

To provide the correct rock/water ratio in an unsaturated system, the form of this surface area can
be written as:

(Eq. 12)

where Sw is the water saturation. However, as Sw goes to zero the reactive surface area would tend
to infinity. Clearly, at a very low liquid saturation the surface area of the rock contacted by water
likely is much smaller than the total area. Two methods have been implemented to address this
phenomenon.

The first method considers that the surface area contacted by water diminishes proportionately to
the saturation.  This yields the saturated surface area given by Equation 11. 

The second method employs the active-fracture-model concept (Liu et al. 1998, pp. 2636–2638)
with a modification for the consideration of water-rock reactions taking place below the residual
saturation. The form of the active fracture parameter for reaction is then given by the following
set of equations:

(Eq. 13)

(Eq. 14)

where Sm is the minimum liquid saturation for which water-rock reactions are considered and Sar
is the effective saturation for reaction. The active fracture model parameter, γ, is obtained from the
calibrated hydrological property set (DTN:  LB990861233129.001). The factor that reduces the
surface area contacted by the water phase is given by afmr. In all simulations Sm is set to the very

small saturation of 1x10-4, to ensure that reactions take place until there is virtually no water left
(e.g., during dryout via ventilation or heating). Finally, the reactive surface area, using this
modified form of the active fracture model, is given by:
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(Eq. 15)

The surface area calculated in this way is applicable only to reactions taking place in the fracture
medium.

6.1.5.2 Matrix Mineral Reactive Surface Areas

Mineral surface areas in the rock matrix were calculated using the geometric area of a cubic array
of truncated spheres that make up the framework of the rock (Scientific Notebook YMP-LBNL-
YWT-ELS-1, pp. 37–39, Sonnenthal and Orotoleva 1994, p. 405-406). Clay minerals are
considered as coatings of plate-like grains. The mineral surface areas of framework grains
(truncated spheres) in contact with the open pore space are calculated using an initial grain
diameter, followed by successive truncation of the grains in the vertical direction until the
porosity of this system is close to the measured porosity of the rock. In the welded tuff, crystals
are often tightly intergrown with little or no pore space within the aggregate. Thus, a check is
made so that the resultant mean pore throat size and spacing yields a permeability (calculated
from a modified Hagen-Poiseuille relation—Ehrlich et al. 1991, p. 1582, Eq. 11) that is relatively
close to the measured saturated permeability.

The grains forming the framework of this rock are considered to be the primary high-temperature
phases of the tuff (i.e., quartz, cristobalite, tridymite, and feldspars).  The abundance of secondary
phases (i.e., those that formed as alteration products or low temperature coatings on the primary
assemblage), such as clay minerals, are used to reduce the free surface area of the framework
grains. The surface areas of the secondary phases are calculated assuming a tabular morphology.

The full details of the geometric calculations are given in scientific notebook YMP-LBNL-DSM-
ELS-1 (pp. 37–39).

6.1.6 Effects of Mineral Precipitation/Dissolution on Hydrologic Properties

6.1.6.1 Porosity Changes

Changes in porosity and permeability from mineral dissolution and precipitation have the
potential for modification of the percolation fluxes and seepage fluxes at the drift wall. In this
analysis, porosity changes in matrix and fractures are directly tied to the volume changes due to
mineral precipitation and dissolution. Since the molar volumes of minerals created by hydrolysis
reactions (i.e., anhydrous phases, such as feldspars, reacting with aqueous fluids to form hydrous
minerals such as zeolites or clays) are often larger than that of the primary reactant minerals,
dissolution-precipitation reactions can often lead to porosity reductions. These changes are taken
into account in this analysis. The porosity of the medium (fracture or matrix) is given by:

(Eq. 16)
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where, nm is the number of minerals, frm is the volume fraction of mineral m in the rock
(including porosity) and fru is the volume fraction of unreactive rock. As the frm of each mineral
changes, the porosity is recalculated at each time step. The porosity is not allowed to go below
zero at any time. 

6.1.6.2 Fracture Permeability Changes

Fracture permeability changes are approximated using the porosity change and an assumption of
plane parallel fractures of uniform aperture (cubic law—Steefel and Lasaga 1994, p. 556). The
modified permeability, k, is then given by:

(Eq. 17)

where ki and φi are the initial permeability and porosity, respectively.

6.1.6.3 Matrix Permeability Changes

Matrix permeability changes are calculated from changes in porosity using ratios of
permeabilities calculated from the Carmen-Kozeny relation (Bear 1972, p. 166, eq. (5.10.18),
symbolically replacing n by φ), and ignoring changes in grain size, tortuosity and specific surface
area as follows:

(Eq. 18)

6.1.6.4 Effects of Permeability and Porosity Changes on Capillary Pressures

Changing permeability and porosity also implies changes in the unsaturated flow properties of the
rock. This effect is treated by modifying the calculated capillary pressure (Pc) using the Leverett
scaling relation (Slider 1976, p. 280) to obtain a scaled Pc´ as follows:

(Eq. 19)

6.1.7 Geochemical Systems

Two sets of chemical components and mineral assemblages were used for the simulations for the
Drift Scale Test and the THC Seepage Model. The systems are denoted Case 1 and Case 2 and are
presented in Tables 7 and 8, respectively. Case 1 (“full” set) includes the major solid phases
(minerals and glass) encountered in geologic units at Yucca Mountain, together with a range of
possible reaction product minerals, CO2 gas, and the aqueous species necessary to include these
solid phases and the pore-water composition into the THC model. Case 2 (“simplified” set) is a
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subset of Case 1 excluding aluminum silicate minerals, which form or dissolve much less easily
than minerals such as calcite or gypsum, and for which thermodynamic and kinetic data are not as
well established as for the other minerals. As discussed later (Sections 6.2.7.2 and 6.3.5.2), Case-
2 THC simulations appear to predict more realistic pH and gas-phase CO2 concentration trends
than Case-1 simulations, because the latter may be overpredicting the reaction rates of aluminum
silicate minerals, indirectly affecting these parameters. Therefore, even though Case 1 represents
the near-field environment more completely than Case 2, the latter may yield more accurate THC
model results than Case 1.  

Table 7.  Case-1 Mineral Assemblage, Aqueous and Gaseous Species 

Species Minerals

Aqueous:

H2O Calcite

H+ Tridymite

Na+ α−Cristobalite

K+ Quartz

Ca+2 Amorphous Silica

Mg+2 Hematite

SiO2 Fluorite

AlO2
- Gypsum

HFeO2 Goethite

HCO3
- Albite

Cl- Microcline

SO4
-2 Anorthite

F- Ca-Smectite

Mg-Smectite

Gas: Na-Smectite

CO2 K-Smectite

Illite

Kaolinite

Sepiolite

Stellerite

Heulandite

Mordenite

Clinoptilolite

Glass
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6.2 THE DRIFT SCALE TEST THC MODEL

The DST is the second underground thermal test that is being carried out in the ESF at Yucca
Mountain, Nevada. The purpose of the test is to evaluate the coupled thermal, hydrological,
chemical and mechanical processes that take place in unsaturated fractured tuff over a range of
temperatures from approximately 25°C to 200°C.  The DST THC Model provides an important
validation test for the extension of the THC conceptual model to the THC Seepage Model. It
should be noted that the geochemical model input parameters have not been calibrated to the data
collected from the DST. Modifications to a few rate law parameters have been made because of
some of the simplifications made in the mineralogy (endmembers instead of solid solutions) and
because of the general effects of inhibition of precipitation or dissolution (e.g., quartz and calcite).
However, these input data were not tailored to match any field data, but were modified to correct
for processes that are not considered in the model. More important than matching any particular
data, the goal is a better understanding of coupled processes so that the models can be applied to
long-term predictions of near-field THC processes.

6.2.1 Background Information 

The DST heaters were turned on on December 3, 1997 with a planned four-year period of heating,
followed by four years of cooling. Our objectives were to make predictions of the coupled
thermal, hydrological, and chemical (THC) processes, followed by model refinement and
comparison to measured data. It was expected that some water (formed by condensation of steam
in fractures) would be collected.  Throughout 1998 and 1999, samples of water and gas were
collected from boreholes, allowing for comparison of analytical data on water and gas chemistry
to DST THC model results. 

Table 8.  Case-2 (Simplified) Mineral Assemblage, Aqueous and Gaseous Species

Species Minerals

Aqueous:

H2O Calcite

H+ Tridymite

Na+ α−Cristobalite

Ca+2 Quartz

SiO2 Amorphous Silica

HCO3
- Glass

Cl- Gypsum

SO4
-2

Gas:

CO2
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6.2.2 Drift Scale Test 2-D Numerical Grid

Because THC simulations are computationally intensive, and the model area is fairly large, 2-D
simulations (rather than 3-D) were conducted, so that the number of model grid blocks, and thus
computation time, could be kept to workable dimensions without losing too much resolution.

The development of the two-dimensional dual-permeability numerical grid for the DST is
described in scientific notebook YMP-LBNL-YWT-SM-1  (pp. 291-308). It consists of 4,485 grid
blocks, including fracture and matrix. It represents a vertical cross-section through the drift at a
distance approximately 30 meters from the bulkhead (Figure 3). Between the grid elements within
the drift interior and one representing the heater test alcove are elements designed to act as the
bulkhead and the insulating material. Within the drift, heat is applied directly to the drift wall as
an approximation to explicitly representing the electric heaters and calculating the heat transfer
across the air mass inside the drift. The test includes a plane of linear wing heaters on each side of
the drift that are given small grid elements in the model. Small grid elements are employed
adjacent to the wing heaters and drift wall to capture the strong gradients in temperature and
liquid saturation in these regions. For the simulations, some mesh elements in the drift interior
were removed, and near the drift base were replaced by nodes representing the concrete invert. 

DTN:  LB991200DSTTHC.002

NOTE:  OD=Observation Drift.  Locations of hydrology boreholes and sensor locations are shown for a
vertical plane approximately 30 m inward from the bulkhead.

Figure 3. Close-Up of Numerical Mesh Used for Drift Scale Test THC Model Simulations. 
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6.2.3 Heater Power 

The most recent calibrated heater power measurements are used in the model and are described in
scientific notebook YMP-LBNL-YWT-SM-1  (pp. 309–313). The wing heaters are split into inner
and outer zones with the outer zone producing a greater power output in order to approximate the
presence of an adjacent parallel drift. The DST THC Model employs a 9-month period of preheat
ventilation at ambient temperature corresponding approximately to the time that was required to
set up the test. The heating schedule imposed on the model is then set in accordance with an
interim plan for the test: 21 months of heating at full power (bringing the model simulation to
early September 1999), followed by 10%  power reduction for each of the next four months, then
continuous heating at 60% of full power until 4 years after initiation of heating, and finally 4 more
years of cooling. The 10% power reduction after September 1999 has not been implemented, and
therefore only model data up to September 1999 will reflect closely the temperature history of the
test. For the purpose of validating the THC conceptual model only results prior to this time for
which chemical data on water and gases were collected will be discussed in this AMR.

6.2.4 Hydrological and Thermal Boundary and Initial Conditions

The top boundary is approximately 99 m above the drift center, with the bottom boundary at
approximately 157 m below the center. The top and bottom boundaries were set to constant
temperature, pressure, and liquid saturation, based on steady-state values obtained from
simulations of a 1-D column extending from the land surface to the water table (see scientific
notebook YMP-LBNL-YWT-SM-1, pp. 291–308). These values were obtained using the
calibrated drift scale hydrologic parameter set for the present climate (mean infiltration) at an
infiltration rate of approximately 1.05 mm/year (DTN: LB991091233129.001). The side
boundaries of the domain are located outside of the test influence area (81.5 m away from the drift
center on each side) and can therefore be considered as no-flux boundaries. The air pressure and
temperature in the observation drift are set to constant values, and therefore do not reflect
temporal fluctuations in barometric pressure or tunnel air temperatures. The Heater Drift wall is
open to advection and conduction of heat and mass, and vapor diffusion.

6.2.5 Geochemical Boundary and Initial Conditions

Geochemical data used in the simulations are given in Tables 2 through 4 in Section 4 and
Appendices II through IV. The top and bottom boundaries were set so that no mineral reactions
take place, but they were open to aqueous and gaseous species transport. Their volumes were set
to extremely large values so that they act essentially as constant concentration boundaries. All
aqueous and gaseous species concentrations in the rock were set initially to a uniform value
(given in Section 4).  The heater drift, alcove, and observation drift CO2 concentrations were set
to approximately that of the atmosphere. The alcove and observation drift CO2 concentrations
were kept essentially constant, but the heater drift was allowed to exchange CO2 between the rock
and the observation drift. The side boundaries were treated as no-flux to advection and diffusion.
Simulations were run using the initial geochemical model cases (full – Case 1 and simplified –
Case 2).
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6.2.6 Measured Geochemical Data Used for Comparison to Simulation Results

Two main sources of data are used in this report for comparison to simulation results. Aqueous
species concentrations and pH were available for water samples collected from hydrology
boreholes (DTN: LL9907028804244.100). Gas-phase CO2 concentrations and stable isotopic

ratios (δ13C, δ18O, δD, and 14C) were measured from gases pumped from hydrology boreholes
(DTNs listed in Table 2). For the gas phase compositions, direct comparisons of model results will
be made only to CO2 concentrations; however, isotopic data also has provided important insight
into THC processes.

6.2.7 Validation of DST THC Model by Comparison of Simulation Results to Measured 
Data

6.2.7.1 Thermal and Hydrological Evolution

The main driving force for changes in the hydrological and chemical behavior of the system is, of
course, the strong thermal load applied to the system. The resulting changes in temperature, liquid
saturation, and gas phase composition lead to changes in the chemistry of water, gas, and
minerals. Key aspects of the thermohydrological behavior of the DST that drive the chemical
evolution of the system are treated in this section; however, a detailed analysis of the
thermohydrology of the DST will be presented in another AMR.

The modeled distributions of temperature and liquid saturation are shown in Figures 4a-d,
corresponding to twelve and twenty months during the heating phase of the DST. The zone of
dryout increases over time, and a wider contour interval in temperature between the 90°C and
100°C isotherms indicates the presence of an isothermal boiling/condensation zone, especially
above the wing heaters. A large drainage zone is apparent in the fractures below the heaters, and
in the matrix as well, after 20 months. The buildup of water above the heaters is fairly localized,
but moves up into the region of the upper hydrology boreholes after 20 months of heating.

Temperatures predicted by the two-dimensional model tend to be somewhat higher than for a
three-dimensional model or the real system because there is no heat loss in the third dimension.
Therefore, this model is most applicable to areas near the center of the test – away from both the
bulkhead and the opposite end of the Heater Drift.
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DTN:  LB991200DSTTHC.002

Figure 4. Liquid Saturation (Colors) and Temperature (Contour Lines) around the DST (Case 2) at 
12 Months (Matrix – 4a, Fracture – 4b), and at 20 Months (Matrix – 4c, Fracture – 4d).
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6.2.7.2 Gas Phase CO2 Evolution

The concentration of CO2 in the gas phase can change markedly owing to changes in temperature,
aqueous phase chemical changes and mineral-water reactions, and through advective and
diffusive transport. Because CO2 partial pressure has a strong effect on water pH, it is important
to validate the CO2 behavior in our simulations. Numerous measurements of CO2 concentrations
in gases from the Drift Scale Test have been made as a function of space and time, so that a more
detailed comparison of the model results to these data can be made than to measured water
chemistry. Model results are presented for the two geochemical systems described in Tables 7
and 8 (Case 1 and Case 2).

In this section we present CO2 concentrations measured in gas samples taken from boreholes
during the DST, and compare them to simulation results using the DST THC Model (Section
6.2.7.2). Sampling locations are not identical to the mesh node coordinates, and are from borehole
intervals that are several meters long and may encompass a wide range of temperatures as a result
of their orientation relative to the heaters. The actual heater operation was also not exactly as
planned. In addition, the model predicts both fracture and matrix CO2 concentrations, whereas the
measured data may consist of some mixture of gas derived from fractures and that from the
matrix, especially if the matrix pore water was actively undergoing boiling. Another complication
arises from the fact that the gas samples have had much of the water vapor removed whereas the
model results are based on a “humid” gas. The criteria for model validation are therefore as
follows:

1. Where a sampling interval lies between 2 nodes, the measured values fall between the
simulated values (fracture and matrix). 

2. The trend of CO2 concentrations over time in the sampling interval are clearly followed,
and are clearly distinct from trends in other sampling intervals.

3. Deviations between measured and simulated values are consistent with known major
discrepancies between actual and simulated heater operation or extensive water loss by
condensation from gas samples prior to measurement.
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Modeled distributions of CO2 concentrations (log volume fractions) and temperature in fractures
and matrix are shown after six and twelve months of heating (which are also times for which CO2
measurements are available) in Figure 5 for the reduced chemical system (Case 2). At both times,
and in both fractures and matrix, there is a halo of increased CO2 concentrations, centered
approximately at the 60°C isotherm. Over the six-month period the halo increases in extent and
magnitude considerably. Maximum CO2 concentrations are located above and below the wing
heaters and below the Heater Drift. Between approximately the 90°C and 100°C isotherms there
is a region where fracture CO2 concentrations have decreased to approximately 1000 ppmv, but
matrix concentrations are still elevated. This area encompasses an isothermal boiling region, as
evidenced from the wider spacing of the 90-100°C isotherms compared to adjacent lower and
higher temperature contours. More rapid boiling in the matrix leads to higher partial pressures of
CO2 relative to the dry or nearly dry fractures. Within the dryout zone close to the drift and wing
heaters, CO2 concentrations decrease markedly in both fractures and matrix.
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DTN:  LB991200DSTTHC.002

Figure 5. CO2 Concentration (log volume fraction) in Gas Phase (Case 2) around the DST at 6 
Months (Fracture - 5a, Matrix - 5b) and at 12 Months (Fracture - 5c, Matrix - 5d). Results 
are for the reduced geochemical system (Case 2). Temperature contours are overlain.
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Figure 6 shows modeled CO2 concentrations at 15 and 20 months from the same simulation. The
patterns remain similar, and continue to grow outward from the heat source, with the area of the
maximum concentrations decreasing slightly at 20 months relative to that at 12 months. This is a
result of a widening of the zone of high concentrations as it moves away from the heat source,
with the peak concentrations diminishing slightly as the isotherms widen. The highest
concentration regions are situated above and below the wing heaters and over time pass
progressively through the radial hydrology boreholes. Once the region around the borehole has
dried out there is a sharp decrease to low CO2 concentrations in the gas phase.
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Figure 6. CO2 Concentration (log volume fraction) in Gas Phase around the DST (Case 2) at 15 
Months (Fracture - 6a, Matrix - 6b) and at 20 Months (Fracture - 6c, Matrix - 6d). Results 
are for the reduced geochemical system (Case 2). Temperature contours are overlain.
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For comparison, CO2 concentrations for a simulation using the full geochemical system (Case 1)
are shown in Figure 7. The pattern of concentrations is similar to the previous results; however,
the maximum concentrations are significantly lower. Changes in gas chemistry are also taking
place in the ambient temperature region. 
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Figure 7. CO2 Concentration (log volume fraction) in Gas Phase (Case 1) around the DST at 12 
Months (Fracture – 7a, Matrix – 7b) and at 20 Months (Fracture – 7c, Matrix – 7d). Results 
are for the full geochemical system (Case 1). Temperature contours are overlain.
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The reason for the difference in the calculated CO2 concentrations in this more complex
geochemical system (compared to Case 2) is a result of dissolution and precipitation of various
Ca-bearing minerals, such as stellerite, heulandite, calcite, anorthite, and Ca-smectite. Feldspar
and calcite dissolve to form zeolites. This drives the pH up, which in turn decreases the CO2
partial pressures through aqueous species reactions involving carbonate species (CO2 is more
soluble at elevated pH). Large differences in the relative rates of mineral-water reactions shift this
equilibrium, even through the absolute rates are exceedingly small. The other controlling factor is
the flux of aqueous species through percolation and of CO2 through gas phase diffusion, relative
to the rates of mineral reactions. Because the model starting conditions use measured water and
gas compositions that reflect a set of conditions (infiltration, mixing, climate changes) that are
unknown, it would be very difficult to reproduce a steady-state condition that matches the original
data.  The percolation flux has little effect over a few years, so that for comparison of the model
results, we are left with the relative rates of reaction as the reason for the difference between Case
1 and Case 2 CO2 concentrations. 

Shifts in the ambient system CO2 concentrations over a relatively short time (away from the areas
of thermal effects) indicates that either the relative mineral-water reaction rates are somehow
dissimilar to the real system, or that calculated starting water bicarbonate concentration (via
charge balance) was off, or the measured pH was altered through the sample collection procedure.
Because the starting water was supersaturated in calcite, the latter scenario is certainly a real
possibility. In addition, the uncertainties in thermodynamic data for the aluminosilicates (e.g.
zeolites and clays), the unknown reaction rates for many of the minerals, and the assumption of
endmember mineral thermodynamic models instead of solid-solution models must play a role in
the evaluation of the results. Therefore, comparison to measured data must play an important role
in the evaluation of the results.

The distributions of measured CO2 concentrations (DTNs listed in Table 2) after one year of
heating and after fifteen months are shown in Figure 8. In general the locations of high
concentrations are similar to the modeled concentrations with very high values above and below
the wing heaters, with slightly elevated values in Borehole 74 well above the wing heaters.
Comparison of the fifteen month to the one-year data, shows that in nearly all of the boreholes the
CO2 concentrations are higher. The range of measured values compares closely with the span of
modeled concentrations.
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NOTE:  Concentrations refer to intervals between pairs of points.

Figure 8. Measured Concentrations of CO2 (log volume fraction) in Gas Phase around the DST at 
12 Months and at 15 Months.

To evaluate how the model predicts the time evolution of CO2 concentration, which is dependent
on numerous thermal, hydrological, transport, and geochemical processes, measured CO2
concentrations from intervals that were repeatedly sampled from February 1998 to August 1999
(DTNs in Table 2) are compared to model results at the same times. The locations of these nodes
relative to the borehole intervals from which the gas samples were taken are illustrated in Figure
9. Because the measured concentrations come from borehole intervals that are several meters long
and not from a specific location, model data are chosen from the grid block that is closest to the
center of the interval. If there is no grid block that is centered on the borehole, a node closest to
the center is chosen on the outer (cooler) side of the borehole. Nodes on the cooler side are more
comparable to the measured data because the 2-D model, having no heat loss in the rock
perpendicular to the drift, gives temperatures that are somewhat higher than the measured
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temperatures at a given time. Therefore, it is more appropriate to pick a node on the cooler rather
than the hotter side. Some additional nodes around the intervals are included in some of the plots,
so that the gradations in the CO2 concentrations around or over the interval can be analyzed. 

DTN:  LB991200DSTTHC.002

Figure 9. Close-Up of DST Grid, Showing Nodes Used to Extract Model Data for Comparison to 
Concentrations Measured in Gas Samples. Borehole intervals from which gas samples 
were taken are shown in the hachured regions.

Figures 10a-d show the time evolution of CO2 concentrations in Borehole intervals 74-3, 75-3,
76-3, and 78-3. Measured CO2 concentrations in interval 74-3 were observed to be only slightly
elevated (1434 ppmv) over the ambient rock gas CO2 concentration when the first sample was
collected six months after the start of the test. Temperatures at the borehole sensor were still at the
ambient value of 23.7°C.  Concentrations rose gradually until about one year after the test at
which time they rose somewhat more rapidly, to approximately 7000 ppmv at 18 months. The
next sample, collected at just over 20 months into the test, had a composition close to the previous
sample. The closest grid node to the center of Borehole interval 74-3 lies just about 1.5 meters
above the borehole. The calculated concentrations follow a similar early history as the measured
concentrations until about 12 months where the measured concentrations rise faster and to greater
concentrations than the observed data. However, where the measured concentrations level out at
20 months, the modeled values are still rising and are close to the final value. For comparison,
concentrations from a grid node about 2 meters below the interval also rise slowly over the first
10 to 12 months of the test and then increase more dramatically to much higher concentrations.
These two nodes bracket the measured concentrations quite well. It is clear that there are very
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strong gradients in CO2 concentrations over distances of only a few meters so that it would be
expected that the collected gases would reflect some averaging over a region. Differences in
fracture and matrix CO2 concentrations increase as one nears the heat source and thus the
sampling could be affected by this as the matrix liquid saturations decrease and more of the
collected gas comes from the matrix compared to the open fractures.

In Figure 10b, the measured concentrations in Borehole interval 75-3, which is closer to the
Heater Drift, are also at slightly elevated values after 6 months and rise smoothly but faster than in
74-3, until about 18 months where again the concentrations reach a plateau. The modeled
concentrations match very closely the measured values until 20 months where measured
concentrations stop rising.

The lack of a continuous rise in CO2 concentrations measured in Borehole intervals 74-3 and 75-3
at 20 months does not seem to follow either the model results or the large increases in CO2
concentrations that occurred in the other intervals as temperature rose in those regions.  A 6-day
period of heater power loss took place in July 1999, approximately a month previous to the time
the last gas samples were collected. This may explain the low concentrations in these intervals at
20 months. Future sampling should indicate a return to increasing CO2 concentrations.

CO2 concentrations in Borehole interval 76-3 show a much more rapid rise to about 16,000 ppmv
after only 10 months of heating. The concentrations appear to reach a plateau, but then continue to
rise strongly until 20 months where they drop off somewhat. Modeled concentrations also rise
rapidly to a peak in the fractures at 10 months, at which time they drop off sharply, whereas the
modeled concentrations in the matrix continue to rise slowly and then drop off very gradually
until 20 months. The samples collected at 18 and 20 months have considerably higher
concentrations than the model predictions, even though the early samples compare closely to the
calculated data.

A similar behavior can be seen in Borehole interval 78-3 (Figure 10d) where there is an even
more rapid rise in measured CO2 concentrations to about 25,000 ppmv after only 8 months, with
nearly constant values to 12 months.  This is followed by a large increase to 45,000 ppmv at 15
months, and then dropping off to much lower values at 18 and 20 months. Modeled data taken at
the center of the interval and at the end of the interval (deeper part) follow the very steep rise to
over 10,000 ppmv after 6 months of heating. From 8 to 12 months the model data from the end of
the interval matches closely the measured levels (matrix only at 12 months). Except for the sharp
peak at 15 months the model data also reproduces quite closely the low values at 18 and 20
months. 
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DTN:  LB991200DSTTHC.002 (modeled)

DTN:  Table 2 (measured)

Figure 10. Comparison of Modeled CO2 Concentrations (Case 2) in Fractures and Matrix over Time 
to Measured Concentrations in Boreholes. (a) Borehole interval 74-3 at nodes above and 
below. (b) Borehole interval 75-3. (c) Borehole interval 76-3. (d) Borehole interval 78-3 at 
nodes near center and end.

Here we examine the discrepancy between measured and modeled CO2 concentrations in 76-3
and 78-3. The strong observed CO2 concentration increase in 76-3 and 78-3 to values
significantly higher than the predicted concentrations, after an apparent earlier maximum, occurs
at different times in the two intervals, and therefore is not simply explained by some change in the
heater power output. Comparison of the measured CO2 concentrations to the model results at
close to boiling temperatures could be significantly affected by the amount of water vapor in the
gas phase when the sample was collected. Because the air mass fraction in the gas phase drops
considerably due to the production of steam, and the samples are “dried” by condensing much of
the water out at a low temperature (~ 4°C) the measured concentrations reflect the CO2 in the air
after water has been condensed out. The model results include the water vapor component and
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therefore may be very different from the measured value once the air mass fraction drops to a low
value and the CO2/air ratio increases through the condensation of the water vapor. 

Although no samples were collected that could be used to measure directly the water content of
the gas, the model results can be used to assess the change in air mass fraction as the temperature
in a borehole interval increases. Figure 11a shows the variation in air mass fraction in the gas
phase over time in the center part of Borehole interval 78-3. The drop off to near zero air mass
fraction at 12 months indicates that the system trends to relatively pure steam and that samples
collected after this time could not be compared directly to model results without some correction
for the effect of condensing out the water vapor during the sampling. A rough way to evaluate this
effect qualitatively from the model results is to calculate the ratio of the CO2 concentration in the
gas phase to the air mass fraction. When the air mass fraction drops to very low values, the CO2
concentration in the “dry” gas can be very different from that in the water-rich gas. Comparing the
trend of the CO2 to mass fraction air ratio to the measured CO2 values in Borehole interval 78-3
shows clearly that the CO2 in the dry gas will spike to a level much greater than the initial CO2
peak in the air-rich gas, and at a later time. After this initial spike, the system loses much more
CO2, compared to air, and the ratio drops off sharply again. While this shows qualitatively the
effect of comparing CO2 concentrations in dry and wet gas samples, a quantitative assessment of
the difference in CO2 concentrations between the samples is more difficult because in the
condensation of water during the gas sampling there will be some drive to equilibrium that would
lower the CO2 concentrations in the gas relative to what the ratio plotted in Figure 11b would
predict.
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DTN:  LB991200DSTTHC.002 (modeled)

DTN:  Table 2 (measured)

Figure 11. (a) Modeled air mass fraction in gas phase at center of borehole interval 78-3 (fracture) 
over time. (b) Ratio of modeled CO2 concentration to air mass fraction at same location as 
11a over time (Case 2), with comparison to measured CO2 concentrations over time. 
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The last topic on gas phase CO2 is the composition of the Heater Drift gas compared to the model
results. Because the bulkhead separating the Heater Drift from the Observation Drift is not
completely sealed, the model considers some exchange of air between them. This was done
originally to correct for heat loss, but it can also be used to assess the balance between the changes
in CO2 concentrations in the rock gas and those in the drift, which is open to advection and
diffusion through the bulkhead. The trend of CO2 concentration in the Heater Drift is shown in
Figure 12 for a period 9 months before heating was initiated to about 20 months into the test.
Three samples of Heater Drift air are shown as well as samples taken from the Observation Drift,
the latter having essentially the composition of tunnel air. All of the samples and the model results
stay at essentially 400 ppmv with fluctuations in the alcove greater than in the Heater Drift.
Because the CO2 concentrations in the rock around the test varies over a few orders of magnitude,
the model captures the necessary exchange of CO2 between the Heater Drift and the outside air
(which is set to a constant value during the simulation).

DTN:  LB991200DSTTHC.002 (modeled)

DTN:  Table 2 (measured)

Figure 12. Modeled CO2 Concentrations in Heater Drift Air over Time, Compared to Measured 
Concentrations. Also shown are concentrations measured in air from the Observation 
Drift.
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6.2.7.3 Aqueous Species Evolution

6.2.7.3.1 Chemistry of Waters Sampled During the Drift Scale Test

The chemical compositions of four waters collected from hydrology boreholes 60 and 186 on
November 12, 1998 and January 26, 1999 (DTN: LL990702804244.100) are shown in Table 9.
The measured pore water composition (Table 3) is repeated here for direct comparison. The water
samples collected during the test were obtained from zones that were hotter than the temperatures
given for the samples, because water temperatures were measured after collection and they had
cooled substantially. Both intervals are located in the zone below the wing heaters. Borehole
interval 186-3 is lower and probably cooler than 60-3.  Borehole 60 is located approximately in
the same location as borehole 77, and borehole 186 corresponds to about the position of borehole
78.

Waters that were collected from the hydrology boreholes at elevated temperatures are generally
more dilute (lower Cl and SO4) and lower in pH than the initial pore water. Aqueous silica
concentrations are similar to or much higher than in the pore water, indicating that these waters
are not simple mixtures of pore water and pure condensate water. Some clear trends in water
chemistry of the condensate waters in both intervals over time are increases in pH and SiO2 (aq)
concentration, and a drop in Ca. A similar trend for pH and SiO2 (aq) exists between the
boreholes, where the hotter interval (60-3) has a higher pH and SiO2 (aq) concentration than the
186-3 interval at each time. The concentration of HCO3 is also lower in 60-3 relative to 186-3 as
expected from the higher temperature of 60-3. Other relationships are less obvious. 

Some of the processes that could explain the water chemistry of samples collected in the
hydrology boreholes include: mixing of pure condensate water with fracture pore waters,
equilibration of condensate waters with matrix pore waters via molecular diffusion, reaction of
condensate waters with fracture-lining minerals, and mineral precipitation due to reaction,
boiling, temperature changes, or pH changes. The higher  silica concentration in the waters
collected in January compared to those collected in November, relative to chloride and the initial
pore water silica concentration, is consistent with dissolution of a silicate phase, rather than
increased concentration by boiling. However, concentrations of K, Mg, and Na are higher than
what would be expected by dilution of original pore water (as evidenced by the low chloride
concentrations). Therefore, the silicate phases that dissolved must have been some combination of
cristobalite, opal, feldspar, clays or zeolites, rather than just a SiO2-phase. The drop in Ca over
time is consistent with calcite precipitation, which would be expected as the condensate waters
were heated further and underwent CO2 degassing, resulting in an increase in pH.
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6.2.7.3.2 Aqueous Species Simulation Results

The model simulates numerous aqueous species and only a limited discussion will be presented
here. Data for all of the species are included in the output files (submitted under
DTN: LB991200DSTTHC.002). The modeled variation in pH during the DST is shown in Figure
13 for the Case 2 simplified geochemical system. The most obvious effect on pH is a reduction to
values predominantly around 6.5 in the condensate region, corresponding directly to the increases
in CO2 concentrations shown in Figure 6. As for the CO2 concentrations, the low pH zone
increases in size and moves outward with time. Within the dryout zone, the pH of the last residual
water is also plotted, which reaches a maximum of nearly 9.5. However, the liquid saturation
associated with these values is usually well below the residual liquid saturation. The modeled pH
of condensate waters in fractures compares favorably with those collected from the hydrology
boreholes (Table 9). As in the measured data collected at two times before the borehole intervals
dried out, the model results show the effect of increasing pH with time and with increasing
temperature in areas greater than 60°C.  Therefore, in a given zone, the pH in the fractures first
starts to drop because of steam condensation; then once the temperatures increase, so that the rate
of evaporation and mineral-water reactions (and loss of CO2) are greater than the rate of addition
of water (and CO2) via condensation, then the pH rises.  

Table 9.  Measured Concentrations in TSw Pore Water from Alcove 5 and Chemistry of Water Taken from 
Hydrology Boreholes

Parameter Units
Pore 

Water(1)
60-3(2) 

(11/12/98)

60-3(2)

(1/26/99)

186-3(2)

(11/12/98)

186-3(2)

(1/26/99)

Temperature C 25 26.5-49.6 51.7 34.3-34.8 Unknown

pH 8.32 6.92 7.4 6.83 7.2

Na+ mg/l 61.3 20.3 19.1 17 25.9

SiO2 (aq) mg/l 70.5 115.5 139 58.2 105.5

Ca2+ mg/l 101 13.9 5.9 20.2 2.92

K+ mg/l 8.0 7.8 4.1 3.9 5.9

Mg2+ mg/l 17 3 1.2 5.7 6.3

Al3+ mg/l 9.92x10-7 (3) n.d. (< 0.06) n.d. (< 0.06) n.d. (< 0.06) n.d. (< 0.06)

HCO3
– (4) mg/l 200 n.a. 41 n.a. 116

Cl– mg/l 117 20 10 19 23.3

SO4
2– mg/l 116 30.8 13.5 26.2 21

NOTES: (1) Average of porewater analyses ESF-HD-PERM-1 (30.1'-30.5') and 
ESF-HD-PERM-2 (34.8'-35.1'). DTN:  LL990702804244.100.
(2) DTN:  LL990702804244.100.
(3) Calculated by equilibrating with Ca-smectite at 25°C.
(4) Total aqueous carbonate as HCO3, calculated from charge balance.
n.a.=not analyzed, n.d.=not detected
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DTN:  LB991200DSTTHC.002

Figure 13. Distribution of pH and Temperature at 12 Months (Fracture – 13a, Matrix – 13b) and at 20 
Months (Fracture – 13c, Matrix – 13d). Results are for the simplified geochemical system 
(Case 2).
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The distribution of pH in fractures and matrix over time for the full geochemical system (Case 1)
are plotted in Figure 14. The general trends are similar; however, the pH is shifted up to one unit
higher in the condensate regions. However, the maximum pH in the water remaining just prior to
dryout is at about the same value as in the Case 1 simulations (below 9.5). Because the fractures
dry out before the matrix, and the CO2 concentrations are higher in the matrix, the pH in the
matrix pore water remains lower than in the fractures.

Validation criteria for the simulation of water chemistry are more difficult to establish because of
the great variation possible in many species.  For pH an order-of-magnitude change in the H+

concentration results in a single pH unit shift. Modeled pH values of fracture waters in the
drainage zones of around 6.5 to 7.5 in Case 1 simulations are within a pH unit of measured waters
in boreholes.  This is much less difference than the possible changes which could trend to acidic
(pH < 5) or basic values (pH > 9), and which would have stronger implications for PA.  It is just as
important to capture the trends in the values because they reflect the dynamic coupled process
effects.  For these changes, the direction is the validation criterion, and this has been met by the
model results for the small amount of data examined.
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DTN:  LB991200DSTTHC.002

Figure 14. Distribution of pH at 12 Months (Fracture – 14a, Matrix – 14b) and at 20 Months (Fracture 
– 14c, Matrix – 14d). Results are for the full geochemical system. Temperature contours 
are overlain. (Case 1)
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The effects of dilution through condensation of pure water vapor, of increases in concentration
due to boiling, and the effects of fracture-matrix interaction can be assessed by the variation in a
conservative species such as Cl. The variations in Cl concentration are plotted in Figure 15, at
times of 12 and 20 months, and show marked decreases in the condensation zone. An interesting
difference between the 12 and 20-month results is due to the slow imbibition of dilute condensate
water into the matrix. At 12 months, there is a relatively large region of dilution of Cl in fractures
due to condensation, and drainage well below the wing heaters and Heater Drift. In the matrix;
however, there is little change, except in the dryout zone where the residual waters reached high
concentrations at very low liquid saturations. At 20 months, the matrix is starting to show signs of
decreased Cl concentration due to imbibition of fracture waters in the drainage zone, and
significant dilution effects in the surrounding condensation zone.
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DTN:  LB991200DSTTHC.002

Figure 15. Chloride Concentration (log mg/l) and Temperature at 12 Months (Fracture – 15a, Matrix – 
15b) and at 20 Months (Fracture – 15c, Matrix – 15d) (Case 2).
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6.2.7.4 Mineralogical Changes

Over the course of the DST, there are marked changes in the water and gas chemistry that are
strongly influenced by mineral-water reactions. The total amount of minerals precipitated or
dissolved, though, is exceedingly small compared to the available fracture or matrix porosity. In
terms of its effect on the chemistry of the system and its abundance in the precipitated mineral
assemblage, calcite is the most important mineral over the short duration of the test. 

Predicted changes in calcite volume percent after 20 months of heating for both geochemical
systems in fractures and matrix are shown in Figure 16. The reduced geochemical system shows a
well-defined region of precipitation in the fractures above and to the margins of the Heater Drift
and wing heaters. Some dissolution is occurring below the wing heaters; however, it is smaller in
magnitude than the precipitation and does not show up on the plots. Within the matrix there is a
fairly uniform region of calcite precipitation in the dryout zone. Precipitation in the matrix is
driven mainly by increasing temperature, whereas in the fractures there is continuous boiling of
condensate waters that are draining back to the heat source from cooler regions above. These
waters pick up Ca through interaction with calcite and from mixing of ambient fracture pore
water. The continuous process of condensate formation and drainage leads to a well-defined zone
of calcite precipitation in the fractures. The results are consistent with the decrease in Ca seen in
the condensate waters over time (Table 9).
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Figure 16. Distribution of Calcite Precipitation (+) or Dissolution (-) as a Change in the Volume of the 
Total Medium (% x 10) at 20 Months. Results are for the simplified geochemical system 
(Case 2) (fracture – 16a, matrix – 16b) and the full geochemical system (Case 1) (fracture 
– 16c, matrix – 16d).
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The full geochemical system (Case 1) shows a similar maximum amount of calcite precipitation,
although the band of calcite above the drift is much narrower and more poorly defined. The
matrix shows a much broader region of fairly uniform calcite precipitation extending down
temperature to about the 80°C isotherm. As in the Case 2 simulation, calcite is precipitating due to
increasing temperature because of its reverse solubility. No dissolution of calcite takes place in
the simulations using the full geochemical system. One obvious difference between the two
systems is that in Case 1 calcite is predicted to precipitate in fractures in a zone extending well
below the Heater Drift.

Predicted distributions of other minerals are not shown here due to the very small abundances of
these phases. After this short period of time amorphous silica has only formed in the regions of
dryout and in much smaller abundance than calcite.

6.2.7.5 Porosity and Permeability Changes

The predicted change in fracture porosity for the Case 2 mineral assemblage after 20 months of
heating is shown in Figure 17. Although the simulations were carried out with a feedback between
mineral dissolution/precipitation and porosity, permeability, and capillary pressure changes, the
effect on the latter parameters and on fluid flow was negligible. Total changes in either fracture or
matrix porosity were less than 0.1%. The greatest change takes the form of a few meter wide zone
of decreased porosity a few meters above the Heater Drift and wing heaters. Much of this change
is due to calcite precipitation. Likewise, permeability and capillary pressures were virtually
unaffected. Even though the changes are very small, it is likely that the system would show
localized precipitation and therefore greater heterogeneity than the model predictions.

DTN:  LB991200DSTTHC.002

Figure 17. Change in Fracture Porosity after 20 Months (Case 2). Negative values indicate a net 
porosity reduction due to mineral precipitation and positive values reflect a net porosity 
increase owing to mineral dissolution.
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6.3 THC SEEPAGE MODEL

The purpose of the DST Model described in Section 6.2 was to compare simulation results against
actual measurements during the first 21 months of the DST.  The THC Seepage model then
applies the same methods of simulating coupled THC processes to predict, at a drift scale, the
performance of the potential repository during 100,000 years.

The general setup of this numerical model is described below. Simulations were performed in two
dimensions along a laterally continuous, vertical geologic section with stratigraphy similar to that
in borehole SD-9 (at Nevada State Plane coordinates E171234, N234074).  The simulations
consider a drift located in the Topopah Spring Tuff middle non-lithophysal geologic unit (Tptpmn
unit, corresponding to model layer name tsw34, DTN:  LB990501233129.004).  Only part of the
potential repository is planned to be located in the Tptpmn, and therefore the model may not be
representative of the entire potential repository.  However, most hydrogeologic data available for
the potential repository are from the Tptpmn unit, including data from the Single Heater Test
(SHT), DST, and many other data collected in the ESF.   

6.3.1 Numerical Mesh

Simulations were performed on a vertical 2-D mesh, using a drift spacing of 81 m (center to
center, Design Criterion PA-SSR-99218.Ta) and a drift radius of 2.75 m
(DTN: SN9908T0872799.004).  With rock properties laterally homogeneous between drifts (see
Section 1.4.3), this setup can be viewed as a series of symmetrical, identical half-drift models
with vertical no-flow boundaries between them. Therefore, 2-D simulations (rather than 3-D)
were conducted. Accordingly, the numerical mesh was reduced to a half-drift model with a width
of 40.5 m, corresponding to the midpoint between drifts (Figure 18). Geologic data from borehole
SD-9, as implemented in UZ model grid UZ99_2_3D.mesh (DTN: LB990501233129.004), were
used as a basis to map geologic contacts into the 2-D mesh, and the mesh coordinate system was
set with reference to the center of the drift (Table 10).  The gridblock size was kept fine enough to
provide enough resolution at key model locations such as at the vicinity of drift and geologic
contacts, but as coarse as possible to provide the computing efficiency needed for reasonable
simulation times. The area extending approximately 50 meters above the drift is more finely
gridded than other areas to capture THC effects potentially affecting seepage into the drift.
Outside the drift, the smallest grid spacing was specified at the drift wall (20 cm), and increasing
outward. Because of its minor relevance to this modeling effort, the geology below the tsw38
model layer was simplified compared to the original SD-9 data, which allowed for coarser
gridding in this area. The mesh has a total of 2510 gridblocks, including those representing
matrix, fracture, and in-drift design elements.
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NOTE:  Grid detail around (0, 0) is shown in Figure 19.

Figure 18. THC Seepage Model Mesh with Hydrogeologic Units Shown in the Vicinity of the Drift: 
Topopah Spring Tuff Upper Lithophysal (tsw33 - circles), Middle Non-Lithophysal (tsw34 - 
dots), and Lower Lithophysal (tsw35 - diamonds) Units.
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The drift was discretized to include the design elements and dimensions shown on Figure 1 (338
gridblocks total).  The gridblock size inside the drift was chosen small enough to provide a
realistic drift model (Figure 19, compare to Figure 1).  As mentioned earlier (Section 4.1.7.2), two
drift configurations are considered in the THC Seepage Model:

• Pre-closure configuration: waste package, invert, and one open space between the waste
package and the drift wall during the first 50 years (pre-closure)

• Post-closure configuration: waste package, invert, dripshield, backfill, and two open
zones: the Inner Zone, between the waste package and the dripshield; and the Outer Zone,
between the backfill and drift wall.

Table 10.  Vertical Mesh Dimensions and Geologic Contacts in the THC Seepage Model 

Model 
Layer

SD-9 

Top of 
Layer

Elevation 
(masl)

Mesh

Top of Layer

Z Coordinate (m)

Top 1286.00 220.7

tcw13 1285.44 220.1

ptn21 1279.57 214.2

ptn22 1275.00 209.7

ptn23 1269.09 203.7

ptn24 1264.51 199.2

ptn25 1255.45 190.1

ptn26 1233.79 168.4

tsw31 1221.01 155.7

tsw32 1219.01 153.7

tsw33 1165.71 100.4

tsw34 1080.37 18.0*

Drift center 1065.34 0.0

tsw35 1045.14 -20.2

tsw36 942.62 -122.7

tsw37 906.92 -158.4

tsw38 889.08 -176.3

ch2 868.38 -197.0

Bottom 730.00 -335.3

DTN:  LB990501233129.004
NOTE: * Contact raised, compared to SD-9 

data, to provide for better lateral 
continuity between the fine mesh 
above the drift and coarser mesh 
laterally away from the drift (See 
Figure 18)
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The discretization of the drift (Figure 19) was kept the same for the two configurations.  As such,
the pre-closure period was simulated by assigning identical open-space properties to gridblocks
representing the Inner Zone, backfill, and Outer Zone.

DTN:  LB991200DSTTHC.002

Figure 19. Discretization of the Repository Drift in the THC Seepage Model
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6.3.2 Boundary Conditions

The following boundary conditions were imposed on the THC Seepage Model (Table 11):

• Top boundary: stepwise changing infiltration rate (Table 12), temperature, pressure, and
gas saturation (representing open atmosphere);  constant CO2 partial pressure and
composition of infiltrating water

• Bottom boundary: constant temperature, pressure, and liquid saturation (representing the
water table). Constant water composition and CO2 partial pressure at equilibrium

• Side boundaries: no heat, fluid, and chemical fluxes

• Waste package: variable heat load with time, including effect of 70% heat removal by
ventilation for first 50 years (pre-closure).

Three different infiltration regimes were modeled simulating a range of future climate conditions
(Table 12). These were developed to support TSPA-SR.  

Table 11.  THC Seepage Model Boundary Conditions 

Boundary Boundary Condition Reference

Top T = 17.68°C

Sg = 0.99

P = 86339 Pa

Time-varying infiltration rate

Constant composition of  
infiltration and PCO2

Table 2

Table 2

Table 2

Table 12

Section 4.1.3

Bottom T = 31.68°C

SL = 0.99999

P = 92000 Pa

Constant water composition 
and PCO2

Table 2

Table 2

Table 2

Section 4.1.3

Sides No flux for water, gas, heat, 
and chemical species

Not Applicable

Drift Wall No-flux for water, gas and 
chemical species; conduction 
only for heat

Not Applicable

Waste Package Heat load (radioactive decay 
and effect of 70% heat 
removal by ventilation for first 
50 years)

Attachment V and Table 1

NOTES: T=Temperature
Sg=Gas saturation
SL=Liquid saturation
P=Pressure
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6.3.3 Modeling Procedure

Different calibrated rock-properties sets were used to run the various infiltration cases (Table 12).
For each infiltration case, the model was first run without reactive transport, heat load, and drift
(i.e., with rock at the location of the drift) until steady state thermal and hydrologic conditions
were achieved. A steady-state was considered to have been met under the following conditions: 

1. Liquid saturations, temperatures, and pressures remained constant within the model
over a time span of at least 100,000 years, or

2. The total liquid and gas inflow at the top of the model matched the total liquid and gas
outflow at the base of the model within a maximum of 0.01 percent.

THC simulations were run with the drift in place and heat transfer from the waste package, using
the steady state temperatures, pressures, and liquid saturations as starting conditions.  Open
spaces within the drift were set to zero liquid saturation.  “Ambient” reactive transport
simulations with the drift in place but without heating (i.e. no heat release from the waste
package) were also performed for comparison of chemical trends to simulations under thermal
loading. 

As discussed in Section 4.1.7.2, THC simulations were run for an initial period of 50 years using
the pre-closure drift configuration and thermal properties.  The simulations were then restarted
using the post-closure drift configuration and properties from 50 years to a total simulation time
of 100,000 years.  At times corresponding to changes in infiltration rates (at 600 and 2000 years,
Table 12), the simulations were stopped and then restarted with the new infiltration rate (thus
resulting in a stepwise change in infiltration).

Table 12.  THC Seepage Model  Infiltration Rates and Corresponding Rock Properties Sets

Case
Infiltration 

Rate 

(mm/yr)

Time Period

(years)
Calibrated 

Properties Set
Reference

 Ambient Mean 
Infiltration at SD-9 
(no thermal load)

1.05 0 to 100,000 Present Day 
Mean

Table 2

Mean Infiltration 6

16

25

0 to 600 (present day)

600 to 2000 (monsoon)

2000 to 100,000 (glacial transition)

Present Day 
Mean

Table 2

Upper Bound 
Infiltration

15

26

47

0 to 600

600 to 2000

2000 to 100,000

Present Day 
Upper Bound

Table 2

Lower Bound 
Infiltration

0.6

6

3

0 to 600

600 to 2000

2000 to 100,000

Present Day 
Lower Bound

Table 2
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Sensitivity analyses were performed to determine a suitable maximum time step length for THC
simulations. Maximum time steps of 6 months (pre-closure only), 1, 10, and 100 years were
investigated. Maximum time-step lengths of 6 months for pre-closure simulations, 10 years for
simulation times between 50 and 20,000 years, and 50 years for simulation times between 20,000
and 100,000 years provided a reasonable compromise between computing efficiency and
accuracy. 

6.3.4 Model Runs

The THC Seepage Model was run using the same two sets of chemical components and mineral
assemblages as those used for the Drift Scale Test Simulations: Case 1 (Table 7), and Case 2
(Table 8).  The latter is a subset of Case 1 without aluminum silicate minerals, fluorite, or iron
minerals.

A total of nine simulations were completed, as summarized in Table 13. For each Case 1 and Case
2, THC simulations with thermal loading were carried out using three variable infiltration rates
involving future climate changes.  In addition, simulations under ambient conditions, without
heating, were performed for Case 1 and Case 2 using a constant infiltration rate (about 1.05 mm/
year).  The latter represents the base-case present-day infiltration rate at the location of Borehole
SD-9, which was used to define the geology of the model.  These ambient simulations were run to
assess the extent to which the Case-1 and Case-2 geochemical systems approached a geochemical
steady state.  These runs also provide a baseline to which the results of thermal loading
simulations can be compared.  

Table 13.  THC Seepage Model  Runs

Infiltration-
Property Set

(Table 12)

Geochemical 
System

(Tables 7 and 8)

Simulation 
Type

Run ID

(used in 
DTN: LB991200DSTTHC.002)

Mean Infiltration None TH th6_16_25_3

Ambient Mean (no 
thermal load)

Case 1

Case 2

THC

THC

thc1mm_amb2

thc1mm_amb1

Mean Infiltration Case 1

Case 2

THC

THC

thc6_16_25_3

thc6_16_25_4

Upper Bound 
Infiltration

Case 1

Case 2

THC

THC

thc15_26_47u_3

thc15_26_47_4

Lower Bound 
Infiltration

Case 1

Case 2

THC

THC

thc0.6_6_3l_3

thc0.6_6_3_4
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6.3.5 Simulation Results

Model results are presented below in Figures 20 through 42, and focus on areas in the vicinity of
the drift.  Other areas are not discussed because they are not directly relevant to the primary
objectives of this work. Much of the data (temperatures, liquid saturations, water compositions,
CO2 concentrations, and liquid/gas fluxes) are examined as a function of time at three locations
around the modeled drift. These are the crown, the side (approximately 20 cm above the
springline) and the base (model nodes F257, F 92, and F272, respectively), at points located 10
cm to the outside (i.e., in the rock) of the drift wall. These data are tabulated and submitted under
DTN:  LB991200DSTTHC.002 and further discussed below. 

6.3.5.1 Thermohydrology Simulation Results

For comparison to the THC simulations, the THC Seepage Model was run with thermal loading
and without reactive transport (i.e., considering only thermal and hydrological effects).  This
simulation was run using the mean infiltration rates and corresponding rock property set (Table
12) and serves as a basis for interpreting the effects of water-gas-rock chemical interaction on the
thermal and hydrological behavior of the system.  Calculated temperatures, liquid saturation, and
air mass fractions around the drift  are shown in Figures 20 through 22. 

Post-closure temperatures quickly climb above the boiling point (near 97°C at Yucca Mountain),
and are higher at the base of the drift where the waste package is closest to the drift wall
(Figure 20). The return to ambient temperatures after heating takes 50,000 to 100,000 years.  The
highest modeled temperature in the waste package (near 270°C) is attained shortly after closure at
a time of 55 years.

Around the drift, the matrix is predicted to rewet after 1,000 to 2,000 years (Figure 20). Rewetting
of fractures occurs within the same time frame, except at the drift base where fractures do not
rewet until approximately 3,000 years (Figure 20).  A contour plot of temperatures and matrix
saturations in the vicinity of the drift at a simulated time of 600 years (near maximum dryout)
shows the dryout zone (represented by zero matrix saturations) extending approximately
10 meters above the drift, 17 meters to the side of it, and 22 meters below it (Figure 21). Air mass
fractions at the drift wall (Figure 22) drop to near-zero values during dryout (i.e., the gas phase is
almost entirely water vapor), and are essentially identical in matrix and fractures.
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Figure 20. TH Simulation.  Time profiles of modeled temperatures and liquid saturations in fractures 
and matrix at three drift wall locations.
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Figure 21. TH Simulation. Contour plot of modeled temperatures and liquid saturations in the matrix 
at 600 years (near maximum extent of dryout). 
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Figure 22. TH Simulation.  Time profiles of modeled air mass fractions in the gas phase in fractures 
and matrix at three drift wall locations. 

6.3.5.2 THC Simulation Results
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water-gas-rock chemical interactions and, therefore, temperatures, liquid saturations, and air mass
fractions calculated with THC (Case 1 and Case 2) and TH simulations are nearly the same.

The temperature-time profiles for the different infiltration cases (Figure 23) remain within
approximately 15oC of each other.  The plots also show that the return to ambient temperatures
takes about 100,000 years for all infiltration cases.  At the drift crown, rewetting of fractures is
predicted to occur around the same time period (1,000 to 2,000 years) for all infiltration cases
(Figure 24).  Matrix rewetting at the drift crown occurs around the same time period as fractures,
except for the high infiltration case where the matrix rewets approximately 200 years earlier
(Figure 25). The size of the dryout zone (represented by zero matrix saturations) decreases at the
highest infiltration rate (Figure 26c), to approximately 6, 12, and 16 meters above, to the side and
below the drift, respectively. The smaller dryout zone in the lowest infiltration case (Figure 26a)
compared to the mean infiltration case is apparently the result of the differing property sets, rather
than the infiltration rate. Air mass fractions (Figure 27) are little affected by the different
infiltration rates.
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Figure 23. Time Profiles of Modeled Temperatures in Fractures at Three Drift Wall Locations for 
Different Climate Scenarios (THC - Case 1). 
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Figure 24. Time Profiles of Modeled Liquid Saturations in Fractures at Three Drift Wall Locations for 
Different Climate Scenarios (THC - Case 1).
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Figure 25. Time Profiles of Modeled Liquid Saturations in the Matrix at Three Drift Wall Locations for 
Different Climate Scenarios (THC - Case 1).
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Figure 26. Contour Plot of Modeled Temperatures and Liquid Saturations in the Matrix at 600 years 
(Near Maximum Dryout) for Three Climate Scenarios: (a) Low, (b) Mean, and (c) High        
(THC - Case 1).
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Figure 27. Time Profiles of Modeled Air Mass Fractions in the Gas Phase in Fractures (Essentially 
Identical in the Matrix) at Three Drift Wall Locations for Different Climate Scenarios.              
(THC - Case 1).
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Predicted CO2 concentrations in the gas phase in fractures at equilibrium with the fracture pore
water around the drift are shown in Figures 28 and 29 for the complete (Case 1) and reduced
(Case 2) mineral assemblages, respectively. CO2 concentrations in fractures drop significantly
during dryout and increase again during rewetting.  In Case 1, the most significant CO2
concentration increase after rewetting (to approximately 33,000 ppmv) occurs in the low-
infiltration case.  In contrast, with Case 2, the largest CO2 concentration after rewetting (near
12,000 ppmv) occurs for the high infiltration case.  
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Figure 28. Time Profiles of Modeled CO2 Concentrations in the Gas Phase in Fractures at Three Drift 
Wall Locations for Different Climate Scenarios (Case 1).
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Figure 29. Time Profiles of Modeled CO2 Concentrations in the Gas Phase in Fractures at Three Drift 

Wall Locations for Different Climate Scenarios (Case 2). 
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Predicted pH and total aqueous carbonate concentrations (as HCO3
-) in fracture pore water are

shown in Figures 30 through 33.  The calculated pH is generally higher for Case 1 (approximate
range 8.5 to 10) than for Case 2 (approximate range 7 to 8.5).  Total aqueous carbonate
concentrations are larger in Case 1 (maximum, after rewetting, near 10,000 mg/l for the low
infiltration case) than in Case 2 (near ambient values of 200 mg/l after rewetting).  Note that the
mean infiltration case (6/16/25 mm) dries out before one year, therefore no results are shown until
rewetting.

The large pH and carbonate concentration variations for the 1mm/yr ambient run in Case 1
(Figures 30 and 32) reflect an initially “unsteady” hydrochemical system. Obtaining an initial
steady-state chemical system that is similar to the measured data for a few points is difficult
because it depends on reaction rates as well as infiltration rates and rock properties. The difficulty
increases with the number of reactive minerals included in the system, and with the uncertainty in
reaction rates. This is the reason why calculated ambient concentration trends are less variable in
Case 2 than in Case 1. 
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Figure 30. Time Profiles of the Modeled pH of Fracture Water at Three Drift Wall Locations for 
Different Climate Scenarios (Case 1).  The dryout period is left blank.  The last output 
liquid saturation before dryout, and the first output liquid saturation during rewetting are 
noted on each curve. 
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Figure 31. Time Profiles of the Modeled pH of Fracture Water at Three Drift Wall Locations for 
Different Climate Scenarios (Case 2).  The dryout period is left blank.  Numbers by each 
curve indicate the last output liquid saturation before dryout and the first output liquid 
saturation during rewetting.
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Figure 32. Time Profiles of Modeled Total Aqueous Carbonate Concentrations (as HCO3
-) in Fracture 

Water at Three Drift Wall Locations for Different Climate Scenarios (Case 1). The dryout 
period is left blank. Numbers by each curve indicate the last output liquid saturation before 
dryout and the first output liquid saturation during rewetting. 
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Figure 33. Time Profiles of Modeled Total Aqueous Carbonate Concentrations (as HCO3
-) in Fracture 

Water at Three Drift Wall Locations for Different Climate Scenarios (Case 2).  The dryout 
period is left blank.  Numbers by each curve indicate the last output liquid saturation 
before dryout and the first output liquid saturation during rewetting. 
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The pH-carbonate-CO2 data show very different trends whether a Case-1 or Case-2 mineral
assemblage is considered.  This results from competing effects depending on the relative rates of
infiltration, calcite dissolution/precipitation, feldspar dissolution, and calcium-zeolite
precipitation.  Case-1 simulations are quite sensitive to the effective reaction rates of aluminum
silicate minerals and particularly calcium zeolites. The dissolution of feldspars to form zeolites
and clays directly affects the pH. For example, the dissolution of albite (Na-feldspar) to form
kaolinite (clay) results in an increase in pH, as follows:

2 NaAlSi3O8 (albite) + H2O + 2H+ ==> Al2Si2O5(OH)4 (kaolinite) + 4SiO2 + 2Na+

It also affects pH indirectly by depleting calcium from solution, which inhibits calcite
precipitation as a means of controlling increasing pH and total aqueous carbonate concentrations,
as in the following reaction:

2 NaAlSi3O8 (albite) + SiO2 + CaCO3 (calcite) + H+ + 7H2O ==> 

CaAl2Si7O18 • 7H2O (stellerite) + 2Na+ + HCO3
-.

As a result, Case-1 simulations generally yield higher pH and total aqueous carbonate
concentrations, and generally lower CO2 partial pressures than Case-2 simulations. Calcium
depletion and increased sodium concentrations are further indicators of feldspar (albite)
dissolution and calcium zeolite precipitation in Case 1 (Figure 34 and 36).  These trends are not
observed in Case 2 (Figures 35 and 37).  Evidence that Case-1 simulations overestimate feldspar
dissolution and zeolite precipitation rates is further shown by the calcium depletion and
increasing sodium concentrations calculated under ambient conditions.  In addition, as mentioned
earlier, the simulations under ambient conditions (no thermal loading) using the Case-1 mineral
assemblage reveal a chemical system that is less “steady” than for Case-2 simulations (e.g., by
comparing the ambient curves for pH, bicarbonate, and CO2 on Figures 28 through 33).  This
reflects the model uncertainty with respect to reaction rates and the difficulty in reproducing an
initially balanced hydrogeochemical system, which depends on infiltration rates and rock
properties as well as reaction rates.  Given this observation, a reduced set of minerals with better-
constrained reaction rates such as for Case 2 is likely to match the pH, bicarbonate, and Ca better
than the more complex system.  This is shown with simulations of the DST (Section 6.2.7), which
indicate that a Case-2 mineral assemblage provides better estimates of pH and CO2
concentrations than Case 1, compared to waters and gases collected in the first 20 months of
heating. However, there is also a possibility that the system may trend to the chemistry of the
more complex system over time, particularly when long reaction times are considered (the DST is
only an eight-year test, while the drift scale seepage simulations extend to 100,000 years). 
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Figure 34. Time Profiles of Modeled Total Aqueous Calcium Concentrations in Fracture Water at 
Three Drift Wall Locations for Different Climate Scenarios (Case 1).  The dryout period is 
left blank. Numbers by each curve indicate the last output liquid saturation before dryout 
and the first output liquid saturation during rewetting. 
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DTN:  LB991200DSTTHC.002

Figure 35. Time Profiles of Modeled Total Aqueous Calcium Concentrations in Fracture Water at 
Three Drift Wall Locations for Different Climate Scenarios (Case 2).  The dryout period is 
left blank. Numbers by each curve indicate the last output liquid saturation before dryout 
and the first output liquid saturation during rewetting. 
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DTN:  LB991200DSTTHC.002

Figure 36. Time Profiles of Modeled Total Aqueous Sodium Concentrations in Fracture Water at 
Three Drift Wall Locations for Different Climate Scenarios (Case 1).  The dryout period is 
left blank. Numbers by each curve indicate the last output liquid saturation before dryout 
and the first output liquid saturation during rewetting. 
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DTN:  LB991200DSTTHC.002

Figure 37. Time Profiles of Modeled Total Aqueous Sodium Concentrations in Fracture Water at 
Three Drift Wall Locations for Different Climate Scenarios  (Case 2).  The dryout period is 
left blank. Numbers by each curve indicate the last output liquid saturation before dryout 
and the first output liquid saturation during rewetting. 
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Chloride concentrations computed for Case 1 and Case 2 in fracture water are essentially identical
due to the conservative behavior of this aqueous species (i.e. it is not affected by pH or the
reaction rates of other minerals in the simulation) (Figures 38 and 39). Differences in the
concentration peaks at the drift base between Case 1 and Case 2 result from a slight difference in
the times when the geochemical calculation cutoff point was reached. The cutoff point is reached
at either a minimum liquid saturation of 0.0001 or a maximum ionic strength of 2, at which point
geochemical speciation calculations are suspended in that grid node. Upon rewetting, chloride
concentrations drop relatively quickly below 400 mg/l towards ambient values near 110 mg/l.
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DTN:  LB991200DSTTHC.002

Figure 38. Time Profiles of Modeled Total Aqueous Chloride Concentrations in Fracture Water at 
Three Drift Wall Locations for Different Climate Scenarios  (Case 1).  The dryout period is 
left blank. Numbers by each curve indicate the last output liquid saturation before dryout 
and the first output liquid saturation during rewetting. 
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DTN:  LB991200DSTTHC.002

Figure 39. Time Profiles of Modeled Total Aqueous Chloride Concentrations in Fracture Water at 
Three Drift Wall Locations for Different Climate Scenarios  (Case 2).  The dryout period is 
left blank. Numbers by each curve indicate the last output liquid saturation before dryout 
and the first output liquid saturation during rewetting. 
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Fluoride was included only in Case 1 simulations. Upon rewetting, fluoride concentrations in
fracture water (Figure 40) quickly drop below 2 mg/l towards ambient values of less than 1 mg/l.
In the chemical system considered, at intermediate to high pH, fluoride concentrations are not
affected significantly by pH and, therefore, the differences between Case 1 and Case 2
simulations should not affect fluoride concentrations, at least at values below the solubility of
fluorite (CaF2). However, at elevated fluoride concentrations, Case 1 simulations may
overestimate fluoride concentrations because they may underestimate the amount of calcium in
solution, therefore limiting the precipitation of fluorite and removal of fluoride from solution. 
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DTN:  LB991200DSTTHC.002

Figure 40. Time Profiles of Modeled Total Aqueous Fluoride Concentrations in Fracture Water at 
Three Drift Wall Locations for Different Climate Scenarios  (Case 1). The dryout period is 
left blank. Numbers by each curve indicate the last output liquid saturation before dryout 
and the first output liquid saturation during rewetting.
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The calculated change in fracture porosity in the vicinity of the drift was contoured for Case 1
(Figure 41a-c) and Case 2 (Figure 42a-c) for the three infiltration cases considered, at a simulated
time of 10,000 years.  The maximum porosity reduction (negative in the plots) occurs for the high
infiltration case and is predominantly above the drift, adjacent to the tsw33 and tsw34
hydrogeologic unit contact.  In all cases, the porosity change is small (less than 0.5 percent of the
initial porosity) and mostly negative.  The porosity decrease is due primarily to zeolite
precipitation in Case 1 and calcite precipitation in Case 2. Because the porosity changes are small,
and thus permeability changes are also minor, thermohydrological processes are not significantly
affected by mineral precipitation or dissolution. Note that small fluctuations in porosity at
individual grid nodes are due to grid orientation effects but do not change the overall pattern.

DTN:  LB991200DSTTHC.002

Figure 41. Contour Plot of Modeled Total Fracture Porosity Change at 10,000 years for Three 
Climate Scenarios: (a) Low, (b) Mean, and (c) High.  Red areas indicate maximum 
decrease in porosity due to mineral precipitation (Case 1). 
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DTN:  LB991200DSTTHC.002

Figure 42. Contour Plot of Calculated Total Fracture Porosity Change at 10,000 years for Three 
Climate Scenarios: (a) Low, (b) Mean, and (c) High. Red areas indicate maximum 
decrease in porosity due to mineral precipitation (Case 2).
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7.  CONCLUSIONS

This AMR describes the conceptual model for the numerical simulation of coupled Thermal-
Hydrological-Chemical (THC) processes in the Near-Field Environment (NFE), the Drift Scale
Test (DST) THC Model, and the THC Seepage Model.  Model results associated with this AMR
have been submitted to the Technical Data Management System (TDMS) for use in Performance
Assessment and to provide input to the NFE Process Model Report (PMR) and the Unsaturated
Zone PMR. The conceptual model provides a comprehensive basis for modeling the pertinent
mineral-water-gas reactions in the host rock, under thermal loading conditions, as they influence
the NFE water and gas chemistry that may enter potential waste-emplacement drifts over 100,000
years. Data are incorporated from the calibrated thermohydrological property sets, the Three-
Dimensional Mineralogical Model (ISM3.0), the UZ Site-Scale Flow and Transport Model,
Thermal Test geochemical data (fracture and matrix mineralogy, aqueous geochemistry, and gas
chemistry), thermodynamic data (minerals, gases, and aqueous species), data for mineral-water
reaction kinetics, and transport data. Simulations of THC processes included coupling between
heat, water, and vapor flow, aqueous and gaseous species transport, kinetic and equilibrium
mineral-water reactions, and feedback of mineral precipitation/dissolution on porosity,
permeability, and capillary pressure (hydrologic properties) for a dual-permeability (fracture-
matrix) system. The effect of these coupled THC processes on the time evolution of flow fields in
the NFE has been investigated for different climate change scenarios, calibrated property sets, and
initial mineralogy.  Aqueous species included in the model are H+, Ca2+, Na+, K+, SiO2 (aq),

Mg2+, Al3+, Fe3+, SO4
2-, HCO3

-, Cl-, and F-. Twenty-three minerals are considered including
several silica phases, calcite, feldspars, smectites, illite, kaolinite, sepiolite, zeolites, fluorite,
hematite, goethite, gypsum, plus volcanic glass. Treatment of CO2 included exsolution into the
gas phase, gas-water equilibration, gaseous diffusion and advection. 

Validation of the model was done by comparison of measured gas and water chemistry from the
Drift Scale Test (DST) to the results of simulations using the DST THC Model. In particular,
simulation results were compared to measured gas-phase CO2 concentrations and the chemistry
of waters collected from hydrology boreholes collected during the test. Comparisons of the model
results to the measured changes in CO2 concentrations over time show that the model captures the
initial rise in concentration in all of the borehole intervals where comparisons were made, in areas
having very different thermal histories. In those intervals closer to the heaters where an earlier
peak in concentration was observed, the model also captured this behavior. However, a second
larger peak was observed in those intervals, which was not predicted by the simulations. This
discrepancy resulted from the fact that sample cooling during collection removed condensed
water vapor from gas samples before analysis, whereas simulation results include water vapor.
Because of a sharp reduction in the air mass fraction of the gas phase, it appears that this second
peak was a result of the shift in the CO2/air ratio in the initial boiling phase, which also undergoes
at large spike at the early stages of boiling. Therefore, analysis of dry gas samples are very
different from the model data in this time period only.

Comparisons of water chemistry (pH) and CO2 concentrations in the gas phase from the DST
indicate that a simplified set of aqueous species (Case 2) and minerals (calcite, silica phases,
gypsum), but including gaseous CO2, can describe the general evolution of Drift Scale Test waters
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quite closely. Including a wide range of aluminosilicates, such as feldspars, clays and zeolites
yields information on additional species (i.e., Al, Fe, F), but their inclusion causes shifts in the
water and gas chemistry that are more rapid than is observed. These effects may be more
important over longer time periods, but over the time scale of the Drift Scale Test, it is clear that
the effective reaction rates and/or thermodynamic properties of these phases will require some
refinement.

A THC Seepage Model was developed that incorporated the elements of the EDA II design to
represent waste package heating over time, changes in heat load due to ventilation, the effective
heat transfer within the drift, the addition of backfill after 50 years, and the THC processes in the
NFE. This two-dimensional model incorporated the initial vertical heterogeneity in hydrologic
and thermal properties and mineralogy from the surface to the Calico Hills zeolitic unit, along
with different initial mineralogy and reactive surface areas in fractures and matrix. A number of
cases were evaluated for different calibrated property sets, climate change scenarios, and
geochemical systems. Predictions were presented of the water and gas chemistry that may enter
the drifts, and data have been submitted that document the temporal frequency of possible seeps
based on the times of rewetting around the drifts, along with the net fluxes of water and gas to the
drift wall. These predictions are provided for a period of 100,000 years, including a pre-closure
period of 50 years with 70% heat removal by ventilation. 

The measured water and gas chemistry around the drift, during the early phase of heating and
during the dryout period, were similar to those observed in the DST THC simulations. The
rewetting period has not yet been observed in the Drift Scale Test, and the THC Seepage
simulations indicate that there may be an increase in the CO2 gas and aqueous carbonate
concentrations around the drift during rewetting. The extent of the dryout zone and the time of
rewetting were different for each climate history and calibrated property set. As in the Drift Scale
Test THC simulations, there were some notable differences in the pH and CO2 concentrations
between the two geochemical systems considered. Based on comparisons of the Drift Scale Test
measured water and gas chemistry, it appears that the system with aluminosilicates (Case 1)
shifted the pH in fracture condensate waters to values that are from 0.5 to 1 pH unit higher than
the observed values. In the THC Seepage Model, the composition of waters reaching the drift wall
during rewetting were roughly neutral in pH (7.2 – 8.3) for the system without aluminosilicates
(Case 2), and approximately 8.6 – 9.0 for the more complete geochemical system (Case 1).
Predicted pH and HCO3

- concentrations in Case 2 simulations are supported by the data from the
DST; however, the long term evolution could trend in the direction of the more complex system
chemistry (Case 1), if the slow reaction rates of the aluminosilicates limit the changes in water
chemistry that can be observed over the short heating time of the DST.

Even with the seemingly higher overall reaction rate for the more complete mineral assemblage,
the changes in porosity and permeability in the NFE over 100,000 years were small (less than
1%), and therefore effects on flow and transport were negligible. Comparison of the results of a
purely thermohydrologic simulation to that including coupled THC processes showed virtually no
differences in the water and gas fluxes, liquid saturations, porosity and permeability around the
drift. Mineral precipitation and dissolution did result in early localized heterogeneities in the
hydrologic properties around the drift, which increased over time. In both geochemical systems, a
zone of enhanced precipitation formed at the contact of the Topopah Spring nonwelded and upper
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lithophysal zones, about 15 to 18 meters above the drift center. For both geochemical cases, silica
precipitation was subordinate to calcite (Case 2) or zeolites (Case 1), therefore confirming the
necessity of considering a comprehensive geochemical system to capture the relevant coupled
THC processes in the NFE. Although the geochemical system containing aluminosilicates may
overestimate the effect of mineral-water reactions on the geochemistry of waters and gases, it
may, however, provide a better upper limit on the extent of changes in hydrological properties
than the simplified geochemical system (Case 2). 

There are many uncertainties in modeling coupled THC processes because of the large amount of
data needed and the complexity of natural systems. These data range from the fundamental
thermodynamic properties of minerals, aqueous species, and gases, the kinetic data for mineral-
water reactions, to the representation of the unsaturated hydrologic system for the fractured tuffs.
In addition, a wealth of site-specific thermohydrologic, geologic, and geochemical data are
necessary to describe the initial and boundary conditions. For these reasons, it may not be
possible to assign a model uncertainty based on the uncertainties of the data themselves, and
therefore model validation gives a true test of whether the system can be described sufficiently
well for the intended purposes of the model. Results of simulations of the DST captured the
important changes in pH and gas-phase CO2 concentrations at each location over time well within
the range of variation in the measured gas and water concentrations between sampling locations.
This provides a sufficient validation of the model’s capability for the prediction of spatial and
temporal variation in water and gas chemistry.

The impact of TBVs (to-be-verified), associated with input data, on model predictions would not
be significant, because the model is validated against measured data. However, TBVs associated
with the measured water and gas chemistry from the DST are much more significant, because
changes in these data could result in a reevaluation of the model if deviations from the simulation
results were much greater.  The THC Seepage model did not consider a “no-backfill” case.  This
case is under investigation and will be reported in future revisions of this document.
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LB991200DSTTHC.003.  Mineral Initial Volume Fractions: Attachment II of AMR U0110, 
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9.  ATTACHMENTS

Attachment I - Document Input Reference Sheet 

Attachment II - Mineral Initial Volume Fractions

Attachment III - Mineral Reactive Surface Areas

Attachment IV - Thermodynamic Database

Attachment V - Waste Package Average Heat Transfer

Attachment VI - Effective Thermal Conductivity for In-Drift Open Spaces

Attachment VII - List of Model Input and Output Files

Attachment VIII -Software Routines

.
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Unit Rock Name Zone K-feldspar Albite Anorthite Ca-Smectite Na-Smectite Mg-Smectite K-Smectite Illite Tridymite
Tcw3 tcwm3 1 0.0946 0.0699 0.0024 0.0407 0.0175 0.0407 0.0175 0.0129 0.0000

tcwf3 2 0.0946 0.0699 0.0024 0.0407 0.0175 0.0407 0.0175 0.0129 0.0000
Ptn1 ptnm1 3 0.0377 0.0279 0.0009 0.0643 0.0276 0.0643 0.0276 0.0204 0.0000

ptnf1 4 0.0377 0.0279 0.0009 0.0643 0.0276 0.0643 0.0276 0.0204 0.0000
Ptn2 ptnm2 5 0.0449 0.0332 0.0011 0.0568 0.0244 0.0568 0.0244 0.0180 0.0000

ptnf2 6 0.0449 0.0332 0.0011 0.0568 0.0244 0.0568 0.0244 0.0180 0.0000
Ptn3 ptnm3 7 0.0156 0.0116 0.0004 0.0095 0.0041 0.0095 0.0041 0.0030 0.0000

ptnf3 8 0.0156 0.0116 0.0004 0.0095 0.0041 0.0095 0.0041 0.0030 0.0000
Ptn4 ptnm4 9 0.0806 0.0595 0.0020 0.0209 0.0090 0.0209 0.0090 0.0066 0.0000

ptnf4 10 0.0806 0.0595 0.0020 0.0209 0.0090 0.0209 0.0090 0.0066 0.0000
Ptn5 ptnm5 11 0.0965 0.0712 0.0024 0.0090 0.0039 0.0090 0.0039 0.0029 0.0000

ptnf5 12 0.0965 0.0712 0.0024 0.0090 0.0039 0.0090 0.0039 0.0029 0.0000
Ptn6 ptnm6 13 0.0855 0.0631 0.0021 0.0329 0.0141 0.0329 0.0141 0.0104 0.0000

ptnf6 14 0.0855 0.0631 0.0021 0.0329 0.0141 0.0329 0.0141 0.0104 0.0000
Tsw31 tswm1 15 0.2358 0.1741 0.0059 0.0001 0.0001 0.0001 0.0001 0.0000 0.0000

tswf1 16 0.2358 0.1741 0.0059 0.0001 0.0001 0.0001 0.0001 0.0000 0.0000
Tsw32 tswm2 17 0.4025 0.2973 0.0100 0.0027 0.0012 0.0027 0.0012 0.0009 0.0919

tswf2 18 0.2435 0.1798 0.0061 0.0174 0.0074 0.0174 0.0074 0.0055 0.0556
Tsw33 tswm3 19 0.3051 0.2253 0.0076 0.0131 0.0056 0.0131 0.0056 0.0042 0.1071

tswf3 20 0.1846 0.1363 0.0046 0.0237 0.0102 0.0237 0.0102 0.0075 0.0648
Tsw34 tswm4 21 0.3096 0.2286 0.0077 0.0081 0.0035 0.0081 0.0035 0.0026 0.0489

tswf4 22 0.1873 0.1383 0.0047 0.0207 0.0089 0.0207 0.0089 0.0066 0.0296
Tsw35 tswm5 23 0.3051 0.2253 0.0076 0.0082 0.0035 0.0082 0.0035 0.0026 0.0597

tswf5 24 0.1846 0.1363 0.0046 0.0207 0.0089 0.0207 0.0089 0.0066 0.0361
Tsw36 tswm6 25 0.3094 0.2285 0.0077 0.0074 0.0032 0.0074 0.0032 0.0024 0.0137

tswf6 26 0.1872 0.1382 0.0047 0.0202 0.0087 0.0202 0.0087 0.0064 0.0083
Tsw37 tswm7 27 0.3057 0.2257 0.0076 0.0079 0.0034 0.0079 0.0034 0.0025 0.0077

tswf7 28 0.1849 0.1366 0.0046 0.0205 0.0088 0.0205 0.0088 0.0065 0.0047
Tsw38 tswm8 29 0.0878 0.0648 0.0022 0.0180 0.0077 0.0180 0.0077 0.0057 0.0054

tswf8 30 0.0878 0.0648 0.0022 0.0180 0.0077 0.0180 0.0077 0.0057 0.0054
Ch2 ch2mz 31 0.0370 0.0273 0.0009 0.0060 0.0026 0.0060 0.0026 0.0019 0.0000

ch2fz 32 0.0370 0.0273 0.0009 0.0060 0.0026 0.0060 0.0026 0.0019 0.0000

Table II-1.  Volume Fractions of Primary Minerals
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Unit Rock Name Zone Cristobalite Quartz Glass Hematite Calcite Stellerite Heulandite Mordenite Clinoptilolite
Tcw3 tcwm3 1 0.1323 0.0037 0.4580 0.0000 0.0000 0.0000 0.0329 0.0110 0.0659

tcwf3 2 0.1323 0.0037 0.4580 0.0000 0.0000 0.0000 0.0329 0.0110 0.0659
Ptn1 ptnm1 3 0.0000 0.0009 0.7283 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

ptnf1 4 0.0000 0.0009 0.7283 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Ptn2 ptnm2 5 0.0350 0.0157 0.6895 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000

ptnf2 6 0.0350 0.0157 0.6895 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000
Ptn3 ptnm3 7 0.0763 0.0009 0.8652 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

ptnf3 8 0.0763 0.0009 0.8652 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Ptn4 ptnm4 9 0.0524 0.0139 0.7254 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

ptnf4 10 0.0524 0.0139 0.7254 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Ptn5 ptnm5 11 0.0214 0.0094 0.7679 0.0024 0.0000 0.0000 0.0000 0.0000 0.0000

ptnf5 12 0.0214 0.0094 0.7679 0.0024 0.0000 0.0000 0.0000 0.0000 0.0000
Ptn6 ptnm6 13 0.0083 0.0142 0.7129 0.0024 0.0070 0.0000 0.0000 0.0000 0.0000

ptnf6 14 0.0083 0.0142 0.7129 0.0024 0.0070 0.0000 0.0000 0.0000 0.0000
Tsw31 tswm1 15 0.0915 0.0047 0.4550 0.0050 0.0276 0.0000 0.0000 0.0000 0.0000

tswf1 16 0.0915 0.0047 0.4550 0.0050 0.0276 0.0000 0.0000 0.0000 0.0000
Tsw32 tswm2 17 0.1516 0.0079 0.0152 0.0044 0.0095 0.0011 0.0000 0.0001 0.0000

tswf2 18 0.0917 0.0048 0.0092 0.0027 0.0257 0.3257 0.0000 0.0001 0.0000
Tsw33 tswm3 19 0.2336 0.0760 0.0000 0.0036 0.0000 0.0000 0.0000 0.0000 0.0000

tswf3 20 0.1413 0.0460 0.0000 0.0022 0.0200 0.3250 0.0000 0.0000 0.0000
Tsw34 tswm4 21 0.2588 0.1202 0.0000 0.0004 0.0000 0.0000 0.0000 0.0000 0.0000

tswf4 22 0.1566 0.0727 0.0000 0.0002 0.0200 0.3250 0.0000 0.0000 0.0000
Tsw35 tswm5 23 0.1660 0.2037 0.0000 0.0017 0.0050 0.0000 0.0000 0.0000 0.0000

tswf5 24 0.1004 0.1232 0.0000 0.0010 0.0230 0.3250 0.0000 0.0000 0.0000
Tsw36 tswm6 25 0.1509 0.2643 0.0000 0.0020 0.0000 0.0000 0.0000 0.0000 0.0000

tswf6 26 0.0913 0.1599 0.0000 0.0012 0.0200 0.3250 0.0000 0.0000 0.0000
Tsw37 tswm7 27 0.2273 0.2004 0.0000 0.0005 0.0000 0.0000 0.0000 0.0000 0.0000

tswf7 28 0.1375 0.1212 0.0000 0.0003 0.0200 0.3250 0.0000 0.0000 0.0000
Tsw38 tswm8 29 0.1557 0.0244 0.5629 0.0000 0.0000 0.0000 0.0119 0.0040 0.0238

tswf8 30 0.1557 0.0244 0.5629 0.0000 0.0000 0.0000 0.0119 0.0040 0.0238
Ch2 ch2mz 31 0.1609 0.0326 0.0000 0.0000 0.0000 0.0000 0.2166 0.0722 0.4333

ch2fz 32 0.1609 0.0326 0.0000 0.0000 0.0000 0.0000 0.2166 0.0722 0.4333

Table II-1.  Volume Fractions of Primary Minerals (cont.)
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Unit
Rock 
Name Zone K-feldspar Albite Anorthite Ca-Smectite Na-Smectite Mg-Smectite K-Smectite Illite Tridymite

Tcw3 tcwm3 1 98.0 98.0 98.0 1516.3 1516.3 1516.3 1516.3 1516.3 98.0
tcwf3 2 394.8 394.8 394.8 394.8 394.8 394.8 394.8 394.8 394.8

Ptn1 ptnm1 3 7.6 7.6 7.6 2253.3 2253.3 2253.3 2253.3 2253.3 7.6
ptnf1 4 142.8 142.8 142.8 142.8 142.8 142.8 142.8 142.8 142.8

Ptn2 ptnm2 5 8.6 8.6 8.6 2484.8 2484.8 2484.8 2484.8 2484.8 8.6
ptnf2 6 184.6 184.6 184.6 184.6 184.6 184.6 184.6 184.6 184.6

Ptn3 ptnm3 7 7.1 7.1 7.1 1721.5 1721.5 1721.5 1721.5 1721.5 7.1
ptnf3 8 1099.6 1099.6 1099.6 1099.6 1099.6 1099.6 1099.6 1099.6 1099.6

Ptn4 ptnm4 9 9.3 9.3 9.3 2356.2 2356.2 2356.2 2356.2 2356.2 9.3
ptnf4 10 44.5 44.5 44.5 44.5 44.5 44.5 44.5 44.5 44.5

Ptn5 ptnm5 11 11.0 11.0 11.0 2666.7 2666.7 2666.7 2666.7 2666.7 11.0
ptnf5 12 276.2 276.2 276.2 276.2 276.2 276.2 276.2 276.2 276.2

Ptn6 ptnm6 13 10.0 10.0 10.0 2666.7 2666.7 2666.7 2666.7 2666.7 10.0
ptnf6 14 1553.3 1553.3 1553.3 1553.3 1553.3 1553.3 1553.3 1553.3 1553.3

Tsw31 tswm1 15 57.0 57.0 57.0 694.3 694.3 694.3 694.3 694.3 57.0
tswf1 16 1102.4 1102.4 1102.4 1102.4 1102.4 1102.4 1102.4 1102.4 1102.4

Tsw32 tswm2 17 109.2 109.2 109.2 1317.4 1317.4 1317.4 1317.4 1317.4 109.2
tswf2 18 530.8 530.8 530.8 530.8 530.8 530.8 530.8 530.8 530.8

Tsw33 tswm3 19 105.6 105.6 105.6 1303.3 1303.3 1303.3 1303.3 1303.3 105.6
tswf3 20 1056.7 1056.7 1056.7 1056.7 1056.7 1056.7 1056.7 1056.7 1056.7

Tsw34 tswm4 21 89.8 89.8 89.8 1086.6 1086.6 1086.6 1086.6 1086.6 89.8
tswf4 22 2126.9 2126.9 2126.9 2126.9 2126.9 2126.9 2126.9 2126.9 2126.9

Tsw35 tswm5 23 98.2 98.2 98.2 1195.3 1195.3 1195.3 1195.3 1195.3 98.2
tswf5 24 1382.3 1382.3 1382.3 1382.3 1382.3 1382.3 1382.3 1382.3 1382.3

Tsw36 tswm6 25 90.8 90.8 90.8 1098.1 1098.1 1098.1 1098.1 1098.1 90.8
tswf6 26 1289.1 1289.1 1289.1 1289.1 1289.1 1289.1 1289.1 1289.1 1289.1

Tsw37 tswm7 27 82.4 82.4 82.4 996.5 996.5 996.5 996.5 996.5 82.4
tswf7 28 1746.2 1746.2 1746.2 1746.2 1746.2 1746.2 1746.2 1746.2 1746.2

Tsw38 tswm8 29 40.4 40.4 40.4 526.7 526.7 526.7 526.7 526.7 40.4
tswf8 30 1746.2 1746.2 1746.2 1746.2 1746.2 1746.2 1746.2 1746.2 1746.2

Ch2 ch2mz 31 44.5 44.5 44.5 2024.7 2024.7 2024.7 2024.7 2024.7 44.5
ch2fz 32 1570.8 1570.8 1570.8 1570.8 1570.8 1570.8 1570.8 1570.8 1570.8

DTN:  LB991200DSTTHC.004

Table III-1.  Reactive Surface Areas for Primary Minerals (matrix minerals in cm2/g 

mineral, fracture minerals in m2/m3 medium).
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Unit
Rock 
Name Zone Cristobalite Quartz Glass Hematite Calcite Stellerite Heulandite Mordenite Clinoptilolite

Tcw3 tcwm3 1 98.0 98.0 98.0 128.7 128.7 128.7 128.7 128.7 128.7
tcwf3 2 394.8 394.8 394.8 394.8 394.8 394.8 394.8 394.8 394.8

Ptn1 ptnm1 3 7.6 7.6 7.6 9.6 9.6 9.6 9.6 9.6 9.6
ptnf1 4 142.8 142.8 142.8 142.8 142.8 142.8 142.8 142.8 142.8

Ptn2 ptnm2 5 8.6 8.6 8.6 10.5 10.5 10.5 10.5 10.5 10.5
ptnf2 6 184.6 184.6 184.6 184.6 184.6 184.6 184.6 184.6 184.6

Ptn3 ptnm3 7 7.1 7.1 7.1 7.3 7.3 7.3 7.3 7.3 7.3
ptnf3 8 1099.6 1099.6 1099.6 1099.6 1099.6 1099.6 1099.6 7.3 7.3

Ptn4 ptnm4 9 9.3 9.3 9.3 10.0 10.0 10.0 10.0 10.0 10.0
ptnf4 10 44.5 44.5 44.5 44.5 44.5 44.5 44.5 44.5 44.5

Ptn5 ptnm5 11 11.0 11.0 11.0 11.3 11.3 11.3 11.3 11.3 11.3
ptnf5 12 276.2 276.2 276.2 276.2 276.2 276.2 276.2 276.2 276.2

Ptn6 ptnm6 13 10.0 10.0 10.0 11.3 11.3 11.3 11.3 11.3 11.3
ptnf6 14 1553.3 1553.3 1553.3 1553.3 1553.3 1553.3 1553.3 1553.3 1553.3

Tsw31 tswm1 15 57.0 57.0 57.0 59.0 59.0 59.0 59.0 59.0 59.0
tswf1 16 1102.4 1102.4 1102.4 1102.4 1102.4 1102.4 1102.4 1102.4 1102.4

Tsw32 tswm2 17 109.2 109.2 109.2 111.9 111.9 111.9 111.9 111.9 111.9
tswf2 18 530.8 530.8 530.8 530.8 530.8 530.8 530.8 530.8 530.8

Tsw33 tswm3 19 105.6 105.6 105.6 110.7 110.7 110.7 110.7 110.7 110.7
tswf3 20 1056.7 1056.7 1056.7 1056.7 1056.7 1056.7 1056.7 1056.7 1056.7

Tsw34 tswm4 21 89.8 89.8 89.8 92.3 92.3 92.3 92.3 92.3 92.3
tswf4 22 2126.9 2126.9 2126.9 2126.9 2126.9 2126.9 2126.9 2126.9 2126.9

Tsw35 tswm5 23 98.2 98.2 98.2 101.5 101.5 101.5 101.5 101.5 101.5
tswf5 24 1382.3 1382.3 1382.3 1382.3 1382.3 1382.3 1382.3 1382.3 1382.3

Tsw36 tswm6 25 90.8 90.8 90.8 93.2 93.2 93.2 93.2 93.2 93.2
tswf6 26 1289.1 1289.1 1289.1 1289.1 1289.1 1289.1 1289.1 1289.1 1289.1

Tsw37 tswm7 27 82.4 82.4 82.4 84.6 84.6 84.6 84.6 84.6 84.6
tswf7 28 1746.2 1746.2 1746.2 1746.2 1746.2 1746.2 84.6 84.6 84.6

Tsw38 tswm8 29 40.4 40.4 40.4 44.7 44.7 44.7 44.7 44.7 44.7
tswf8 30 1746.2 1746.2 1746.2 1746.2 1746.2 1746.2 1746.2 1746.2 1746.2

Ch2 ch2mz 31 44.5 44.5 44.5 171.9 171.9 171.9 171.9 171.9 171.9
ch2fz 32 1570.8 1570.8 1570.8 1570.8 1570.8 1570.8 1570.8 1570.8 1570.8

DTN:  LB991200DSTTHC.004

Table III-1.  Reactive Surface Areas for Primary Minerals (matrix minerals in cm2/g 
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Mineral

Molecular
Weight
(g/mol)

Molecular
Volume

(cm3/mol) Reaction Stoichiometry1 0 (oC) 25 (oC) 60 (oC) 100 (oC) 150 (oC) 200 (oC) ref
albite-low 262.223 100.07 (1)alo2-, (1)na+, (3)sio2(aq) -21.694 -20.177 -18.362 -16.684 -15.094 -13.986 4
anorthite 278.207 100.79 (2)alo2-, (1)ca+2, (2)sio2(aq) -20.398 -19.188 -18.333 -17.852 -17.629 -17.703 1
calcite 100.087 36.934 (1)ca+2, (-1)h+, (1)hco3- 2.226 1.849 1.333 0.774 0.1 -0.584 1
SiO2(amor.) 60.084 29 (1)sio2(aq) -2.871 -2.663 -2.423 -2.205 -1.99 -1.82 7
cristobalite-a 60.084 25.74 (1)sio2(aq) -3.63 -3.332 -2.99 -2.678 -2.371 -2.129 6
fluorite 78.075 24.542 (1)ca+2, (2)f- -10.31 -10.037 -9.907 -9.967 -10.265 -10.784 1
goethite 88.854 20.82 (1)hfeo2 -12.78 -11.483 -10.202 -9.208 -8.407 -7.92 1
glass1 56.588 23.978 (-0.0362)h2o, (0.15)alo2-, (0.0021)ca+2,(0.0654)h+, 

(0.0042)k+,(0.0003)mg+2, (0.0756)na+(0.7608)sio2(aq), 
(0.007)hfeo2

-4.7 -4.54 -4.35 -4.16 -3.98 -3.86 13

glass 60.084 29 (1)sio2(aq) -2.871 -2.663 -2.423 -2.205 -1.99 -1.82 12
gypsum 172.172 74.69 (2)h2o, (1)ca+2, (1)so4-2 -4.533 -4.482 -4.609 -4.903 -5.41 -6.127 1
hematite 159.692 30.274 (-1)h2o, (2)hfeo2 -26.439 -23.927 -21.485 -19.661 -18.293 -17.573 1
illite 378.963 135.08 (0.44)h2o, (2.06)alo2-, (1.12)h+,(0.5)k+, (0.22)mg+2,(3.72)sio2(aq) -45.354 -41.926 -38.294 -34.994 -31.867 -29.606 4

microcline 278.332 108.741 (1)alo2-, (1)k+, (3)sio2(aq) -24.861 -22.91 -20.619 -18.526 -16.549 -15.154 4
kaolinite 258.16 99.52 (1)h2o, (2)alo2-, (2)h+,(2)sio2(aq) -43.073 -39.895 -36.336 -33.181 -30.212 -28.082 4
quartz 60.084 22.688 (1)sio2(aq) -4.079 -3.739 -3.349 -2.992 -2.642 -2.365 5
sepiolite 323.913 142.83 (5.5)h2o, (-4)h+, (2)mg+2,(3)sio2(aq) 17.28 15.76 13.83 12.08 10.45 9.23 8
tridymite 60.084 26.586 (1)sio2(aq) -3.872 -3.567 -3.193 -2.821 -2.394 -1.984 10
smectite-ca 365.394 132.51 (0.52)h2o, (1.77)alo2-, (0.145)ca+2,(0.96)h+, 

(0 26) 2 (3 97) i 2( )
-42.523 -39.519 -36.156 -33.159 -30.303 -28.219 9

smectite-na 366.25 132.51 (0.52)h2o, (1.77)alo2-, (0.96)h+,(0.26)mg+2, 
(0.29)na+,(3.97)sio2(aq)

-42.628 -39.528 -36.049 -32.937 -29.956 -27.761 9

smectite-mg 363.107 132.51 (0.52)h2o, (1.77)alo2-, (0.96)h+,(0.405)mg+2, (3.97)sio2(aq) -42.583 -39.613 -36.289 -33.325 -30.498 -28.435 9
smectite-k 370.921 132.51 (0.52)h2o, (1.77)alo2-, (0.96)h+,(0.29)k+, (0.26)mg+2,(3.97)sio2(aq) -43.004 -39.829 -36.275 -33.11 -30.093 -27.885 4

steller/10 281.733 133.1 (2.8)h2o, (0.79)alo2-, (0.39)ca+2,(0.01)na+, (2.81)sio2(aq) -20.918 -19.404 -17.676 -16.103 -14.564 -13.428 11
heuland/10 279.347 126.64 (2.6)h2o, (0.8)alo2-, (0.33)ca+2,(0.04)k+, (0.1)na+,(2.8)sio2(aq) -20.872 -19.32 -17.55 -15.94 -14.365 -13.202 11
mordeni/10 269.631 127.35 (2.2)h2o, (0.6)alo2-, (0.15)ca+2,(0.09)k+, (0.21)na+,(3)sio2(aq) -19 -17.51 -15.802 -14.238 -12.694 -11.523 11
clinopt/10 277.66 126.41 (2.6)h2o, (0.68)alo2-, (0.28)ca+2,(0.08)k+, (0.04)na+,(2.92)sio2(aq) -19.999 -18.463 -16.704 -15.095 -13.52 -12.309 11

Gas: Molecular
Weight
(g/mol) 

Molecular
Diameter

(m)

CO2(g) 44.01 2.50E-10 (-1)h2o, (1)h+, (1)hco3- -7.677 -7.818 -8.053 -8.36 -8.77 -9.217 1

NOTES:     1 Negative number in parenthesis indicate the molecule is on the left side of equation  

log (K)

Minerals names or abbreviations above are those used in the database and may not exactly match names used in the text of the report. Names ending by /10 indicate the 
stoichiometry , molecular weight, molar volume, and log(K) values for those minerals were divided by 10 compared to original data. Glass phases glass1 and glass were 
used in Case 1 and Case 2 simulations, respectively.

Table IV-1.  Minerals.



Title: Drift-Scale Coupled Processes (DST and THC Seepage) Models N0120/U0110

MDL-NBS-HS-000001 REV00 Attachment IV-2 March 2000

Aqueous Species ao Charge Reaction Stoichiometry 0 (oC) 25 (oC) 60 (oC) 100 (oC) 150 (oC) 200 (oC) ref.
CO2(aq) 3 0 (-1)h2o, (1)h+, (1)hco3- -6.58 -6.345 -6.268 -6.388 -6.724 -7.197 1
CO3-2 5 -2 (-1)h+, (1)hco3- 10.624 10.329 10.13 10.084 10.2 10.465 1
OH- 3 -1 (1)h2o, (-1)h+ 14.94 13.995 13.027 12.255 11.631 11.284 1
Al(OH)2+ 4 1 (1)alo2-, (2)h+ -13.656 -12.289 -10.831 -9.6 -8.53 -7.823 1
HAlO2 3 0 (1)alo2-, (1)h+ -7.08 -6.45 -5.846 -5.409 -5.121 -5.035 1
Al+3 9 3 (-2)h2o, (1)alo2-, (4)h+ -25.795 -22.883 -19.571 -16.582 -13.676 -11.409 1
AlOH+2 4.5 2 (-1)h2o, (1)alo2-, (3)h+ -20.069 -17.926 -15.568 -13.519 -11.624 -10.242 1
CaCl+ 4 1 (1)ca+2, (1)cl- 0.673 0.696 0.589 0.357 -0.04 -0.533 1
CaCl2(aq) 0 0 (1)ca+2, (2)cl- 0.452 0.644 0.629 0.381 -0.159 -0.911 1
CaCO3(aq) 0 0 (1)ca+2, (-1)h+, (1)hco3- 7.502 7.002 6.452 5.964 5.468 5.018 1
CaHCO3+ 4 1 (1)ca+2, (1)hco3- -1.095 -1.047 -1.159 -1.418 -1.859 -2.4 1
CaSO4(aq) 0 0 (1)ca+2, (1)so4-2 -2.071 -2.111 -2.265 -2.511 -2.91 -3.433 1
CaF+ 4 1 (1)ca+2, (1)f- -0.655 -0.682 -0.862 -1.17 -1.649 -2.215 1
HSiO3- 4 -1 (1)h2o, (-1)h+, (1)sio2(aq) 10.323 9.953 9.468 9.084 8.85 8.839 1
HCl(aq) 3 0 (1)cl-, (1)h+ 0.661 0.67 0.689 0.62 0.41 0.092 1
KCl(aq) 0 0 (1)cl-, (1)k+ 1.71 1.495 1.216 0.924 0.575 0.215 1
KHSO4(aq) 0 0 (1)h+, (1)k+, (1)so4-2 -0.435 -0.814 -1.479 -2.294 -3.341 -4.431 1
KSO4- 4 -1 (1)k+, (1)so4-2 -0.885 -0.88 -0.99 -1.194 -1.52 -1.919 1
HF(aq) 3 0 (1)h+, (1)f- -2.985 -3.168 -3.474 -3.848 -4.338 -4.859 1
MgCl+ 4 1 (1)cl-, (1)mg+2 0.049 0.135 0.055 -0.182 -0.607 -1.139 1
MgCO3(aq) 0 0 (-1)h+, (1)hco3-, (1)mg+2 7.74 7.35 6.926 6.563 6.204 5.872 1
MgHCO3+ 4 1 (1)hco3-, (1)mg+2 -1.08 -1.036 -1.164 -1.436 -1.88 -2.415 1
MgSO4(aq) 3 0 (1)mg+2, (1)so4-2 -2.139 -2.412 -2.837 -3.347 -4.073 -4.955 1
MgF+ 4 1 (1)mg+2, (1)f- -1.387 -1.352 -1.478 -1.739 -2.168 -2.688 1
NaCl(aq) 3 0 (1)cl-, (1)na+ 0.829 0.777 0.651 0.473 0.214 -0.093 1
NaOH(aq) 3 0 (1)h2o, (-1)h+, (1)na+ 15.645 14.795 13.8 12.885 11.971 11.221 1
NaCO3- 4 -1 (-1)h+, (1)hco3-, (1)na+ 9.815 9.814 10.075 10.649 11.568 12.632 2
NaHCO3(aq) 3 0 (1)hco3-, (1)na+ -0.373 -0.154 0.11 0.411 0.793 1.213 1
NaHSiO3 0 0 (1)h2o, (-1)h+, (1)na+,(1)sio2(aq) 8.414 8.304 8.053 7.829 7.684 7.658 1
NaF(aq) 0 0 (1)na+, (1)f- 1.082 0.998 0.833 0.624 0.338 0.011 1
FeO2- 4 -1 (-1)h+, (1)hfeo2 10.231 9.602 8.839 8.111 7.38 6.821 3
FeO+ 4 1 (-1)h2o, (1)h+, (1)hfeo2 -7.324 -6.368 -5.372 -4.561 -3.865 -3.393 3
Primary Aqueous Species: Mol. Wt. (g/mol)
H2O 3 0 18.015 1
AlO2- 4 -1 58.98       1
Ca+2 6 2 40.078 1
Cl- 3 -1 35.453 1
H+ 9 1 1.008 1
HCO3- 4 -1 61.017 1
K+ 3 1 39.098 1
Mg+2 8 2 24.305 1
Na+ 4 1 22.99 1
SiO2(aq) 3 0 60.084 1
SO4-2 4 -2 96.064 1
F- 4 -1 18.998 1
HFeO2 3 0 88.854 3

log(K) 

Table IV-2. Aqueous Species.
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ref. no Reference
1 EQ3/6 V7.2b database data0.com.R2 Aug.2.1995 (STN:  LLNL:UCRL-MA-110662).  Mostly 

calculated with SUPCRT92 and associated databases (Johnson et al. 1992).
2 EQ3/6 database data0.com.R6 Dec.3.1996  (STN:  LLNL:UCRL-MA-110662)
3 Log(K) calculated using SUPCRT92  (Johnson et al. 1992) with Fe+3 and Fe(III)-OH data 

from Shock et al. 1997 added to SPRONS.DAT version dated 3/14/96 (the latter is the 
database of SUPCRT92).  See Scientific Notebook YMP-LBNL-YWT-NS-1.1 p. 104-110. 

4 Log(K) calculated using SUPCRT92  (Johnson et al. 1992) with thermodynamic properties 
from various sources (Berman 1988 for albite; Kulik and Aja 1995 for illite and k-smectite; 
Robie and Hemingway 1995 for kaolinite; Apps and Chang 1992 for microcline) added to 
SPRONS.DAT version dated 3/14/96 (the latter is the database of SUPCRT92), then 
corrected to reflect the quartz solubility data of Rimstidt (1997).  See Scientific Notebook 
YMP-LBNL-YWT-JA-1A p. 39-41. 

5 Rimstidt (1997)
6 Regression by Apps (1970) of pressure-corrected cristobalite solubility data derived from 

measurements by Fournier and Rowe (1962). See Scientific Notebook YMP-LBNL-YWT-
JA-1A p. 39-41.

7 Regression by Apps (1970) from a number of literature sources.  See Scientific Notebook 
YMP-LBNL-YWT-JA-1A p. 39-41.

8 Stoessell (1988)
9 Recalculated from log(K) data for montmor-k, montmor-ca, montmor-mg, and montmor-k in 

EQ3/6 V7.2b database (see ref. 1), as described in Scientific Notebook YMP-LBNL-YWT-
JA-1A p. 39-41.

10 From log(K) data for quartz and trydimite in ref.1 above, then corrected with  the quartz 
solubility data of Rimstidt (1997).   See Scientific Notebook YMP-LBNL-YWT-NS-1.1 p. 113

-114.  Molar volume from molecular weight in ref.1 and density in Klein and Hurlbut (1993, 
p. 665).

11 Log(K) calculated using SUPCRT92  (Johnson et al. 1992) with zeolite formulas and 
thermodynamic data from Scientific Notebook YMP-LBNL-YWT-JA-1A, pp. 57-60 added to 
SPRONS.DAT version dated 3/14/96 (the latter is the database of SUPCRT92), then 
corrected to reflect the quartz solubility data of Rimstidt (1997). See Scientific Notebooks  
YMP-LBNL-YWT-JA-1A p. 48-50 and YMP-LBNL-YWT-NS-1.1 p. 111-113. 

12 Same composition and log(K) as amorphous silica
13 Formula from composition by Bish et al. (1996).  Log(K) at 25oC was calculated by 

equilibrating the glass with the initial water composition (Section 4.1.3) using SOLVEQ V1.0 
and adjusting the log(K) value to yield approximately 100 ppm SiO2(aq.) in solution at 
25oC.  Log(K) values at higher temperatures were then adjusted to maintain the same 
degree of amorphous silica undersaturated with the equilibrated glass at all temperatures. 
See Scientific Notebook YMP-LBNL-YWT-NS-1.1 p. 114-116.

Table IV-3.  References
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ATTACHMENT V–WASTE PACKAGE AVERAGE HEAT TRANSFER

Submitted with this AMR under DTN:  LB991200DSTTHC.006.

Table V-1. 

Time

(years)

Total Heat

(no ventilation)

(W/meter)

Model Heat Load

(W/meter)

0.01 1540.413 462.124

0.02 1538.978 461.693

0.03 1538.078 461.424

0.04 1537.190 461.157

0.05 1536.297 460.889

0.06 1535.411 460.623

0.07 1534.536 460.361

0.08 1533.632 460.090

0.09 1532.778 459.833

0.10 1531.892 459.568

0.15 1527.633 458.290

0.20 1523.418 457.025

0.25 1519.360 455.808

0.30 1515.371 454.611

0.35 1511.471 453.441

0.40 1507.662 452.299

0.45 1503.928 451.178

0.50 1500.288 450.087

0.55 1496.715 449.014

0.60 1493.234 447.970

0.65 1489.795 446.938

0.70 1486.453 445.936

0.75 1483.142 444.943

0.80 1479.935 443.981

0.85 1476.770 443.031

0.90 1473.664 442.099

0.95 1470.592 441.178

1.0 1467.611 440.283

1.5 1439.923 431.977

2.0 1415.942 424.783

DTN:  SN9907T0872799.001 (Total Heat)
NOTE: Point at 50.001 years was interpolated between 

original data points at 50 and 55 years. From 0 to 
50 years: Model Heat Load = Total Heat x 0.3 (70% 
heat removal).
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2.5 1394.705 418.412

3.0 1375.415 412.624

3.5 1358.036 407.411

4.0 1341.878 402.563

4.5 1326.553 397.966

5.0 1312.104 393.631

5.5 1296.809 389.043

6.0 1282.270 384.681

6.5 1268.766 380.630

7.0 1255.846 376.754

7.5 1242.619 372.786

8.0 1229.944 368.983

8.5 1217.624 365.287

9.0 1205.763 361.729

9.5 1193.723 358.117

10 1182.073 354.622

15 1074.598 322.379

20 983.485 295.045

25 901.588 270.476

30 829.938 248.981

35 767.015 230.104

40 710.239 213.072

45 659.213 197.764

50 614.555 184.367

50.001 614.547 614.547

55 574.043 574.043

60 537.708 537.708

65 504.775 504.775

70 476.139 476.139

75 449.277 449.277

80 425.849 425.849

85 404.184 404.184

90 385.201 385.201

95 367.303 367.303

Table V-1.  (Cont.)

Time

(years)

Total Heat

(no ventilation)

(W/meter)

Model Heat Load

(W/meter)

DTN:  SN9907T0872799.001 (Total Heat)
NOTE: Point at 50.001 years was interpolated between 

original data points at 50 and 55 years. From 0 to 
50 years: Model Heat Load = Total Heat x 0.3 (70% 
heat removal).
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100 351.814 351.814

150 253.283 253.283

200 208.867 208.867

250 182.764 182.764

300 164.855 164.855

350 150.949 150.949

400 139.546 139.546

450 129.712 129.712

500 121.251 121.251

550 113.640 113.640

600 107.056 107.056

650 101.089 101.089

700 95.546 95.546

750 90.641 90.641

800 85.985 85.985

850 81.688 81.688

900 77.753 77.753

950 74.214 74.214

1000 71.169 71.169

1500 49.114 49.114

2000 38.723 38.723

2500 33.617 33.617

3000 30.482 30.482

3500 28.676 28.676

4000 27.425 27.425

4500 26.223 26.223

5000 25.254 25.254

5500 24.204 24.204

6000 23.596 23.596

6500 22.687 22.687

7000 21.910 21.910

7500 21.344 21.344

8000 20.553 20.553

8500 19.948 19.948

Table V-1.  (Cont.)

Time

(years)

Total Heat

(no ventilation)

(W/meter)

Model Heat Load

(W/meter)

DTN:  SN9907T0872799.001 (Total Heat)
NOTE: Point at 50.001 years was interpolated between 

original data points at 50 and 55 years. From 0 to 
50 years: Model Heat Load = Total Heat x 0.3 (70% 
heat removal).
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9000 19.308 19.308

9500 18.729 18.729

10000 18.144 18.144

15000 13.570 13.570

20000 10.633 10.633

25000 8.594 8.594

30000 7.027 7.027

35000 5.908 5.908

40000 5.071 5.071

45000 4.407 4.407

50000 3.868 3.868

55000 3.378 3.378

60000 3.041 3.041

65000 2.671 2.671

70000 2.425 2.425

75000 2.192 2.192

80000 1.985 1.985

85000 1.817 1.817

90000 1.692 1.692

95000 1.562 1.562

100000 1.457 1.457

Table V-1.  (Cont.)

Time

(years)

Total Heat

(no ventilation)

(W/meter)

Model Heat Load

(W/meter)

DTN:  SN9907T0872799.001 (Total Heat)
NOTE: Point at 50.001 years was interpolated between 

original data points at 50 and 55 years. From 0 to 
50 years: Model Heat Load = Total Heat x 0.3 (70% 
heat removal).
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ATTACHMENT VI–EFFECTIVE THERMAL CONDUCTIVITY FOR IN-DRIFT OPEN 
SPACES

Table VI-1.  Pre-closure

Time Factor

(sec) (year)

0.00000E+00 0.0 0.400

3.15360E+07 1.0 0.775

4.73040E+07 1.5 0.825

6.30720E+07 2 0.858

9.46080E+07 3 0.899

1.26144E+08 4 0.923

1.57680E+08 5 0.941

1.89216E+08 6 0.956

2.20752E+08 7 0.966

2.52288E+08 8 0.975

2.83824E+08 9 0.982

3.15360E+08 10 0.988

3.46896E+08 11 0.993

3.78432E+08 12 0.997

4.73040E+08 15 1.000

6.30720E+08 20 0.994

7.88400E+08 25 0.979

8.19936E+08 26 0.976

8.51472E+08 27 0.972

9.46080E+08 30 0.961

1.10376E+09 35 0.941

1.26144E+09 40 0.921

1.57680E+09 50 0.887

DTN:  SN9907T0872799.002
NOTE: Kthermal is calculated as Max. Kthermalx Factor

Maximum Kthermal (W/m-K) = 10.443
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Table VI-2.  Postclosure

Time Factor

(sec) (year) Inner Outer

1.57680E+09 50 0.887 0.887

1.60834E+09 51 0.872 0.800

1.63987E+09 52 0.915 0.849

1.73448E+09 55 0.984 0.935

1.89216E+09 60 1.000 0.983

2.04984E+09 65 0.990 1.000

2.20752E+09 70 0.968 0.999

2.36520E+09 75 0.941 0.990

2.39674E+09 76 0.936 0.987

2.42827E+09 77 0.931 0.986

2.52288E+09 80 0.916 0.980

2.83824E+09 90 0.874 0.963

3.15360E+09 100 0.833 0.940

3.18514E+09 101 0.829 0.937

3.31128E+09 105 0.813 0.924

3.46896E+09 110 0.796 0.910

3.78432E+09 120 0.767 0.890

4.09968E+09 130 0.746 0.879

4.41504E+09 140 0.729 0.873

5.04576E+09 160 0.703 0.864

5.67648E+09 180 0.679 0.847

6.30720E+09 200 0.659 0.836

6.93792E+09 220 0.638 0.816

7.88400E+09 250 0.617 0.800

9.46080E+09 300 0.587 0.775

1.10376E+10 350 0.563 0.754

1.26144E+10 400 0.540 0.731

1.41912E+10 450 0.519 0.709

1.57680E+10 500 0.506 0.698

1.73448E+10 550 0.497 0.692

1.89216E+10 600 0.491 0.688

2.20752E+10 700 0.476 0.677

2.52288E+10 800 0.462 0.664

2.83824E+10 900 0.450 0.652

DTN:  SN9907T0872799.002
NOTE: Kthermal is calculated as Max. Kthermalx Factor

Maximum Kthermal (W/m-K) Inner=3.426,
Outer=9.068
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3.15360E+10 1000 0.439 0.642

3.46896E+10 1100 0.431 0.633

3.78432E+10 1200 0.423 0.624

4.09968E+10 1300 0.414 0.615

4.41504E+10 1400 0.406 0.606

4.73040E+10 1500 0.398 0.597

5.04576E+10 1600 0.392 0.590

5.67648E+10 1800 0.382 0.577

6.30720E+10 2000 0.370 0.563

6.93792E+10 2200 0.363 0.552

7.88400E+10 2500 0.353 0.540

9.46080E+10 3000 0.342 0.524

1.10376E+11 3500 0.334 0.512

1.26144E+11 4000 0.327 0.501

1.41912E+11 4500 0.321 0.493

1.57680E+11 5000 0.317 0.486

1.89216E+11 6000 0.308 0.474

2.20752E+11 7000 0.302 0.464

2.52288E+11 8000 0.296 0.455

3.15360E+11 10000 0.286 0.441

4.73040E+11 15000 0.267 0.413

6.30720E+11 20000 0.255 0.395

9.46080E+11 30000 0.237 0.371

1.26144E+12 40000 0.228 0.358

1.57680E+12 50000 0.222 0.350

1.89216E+12 60000 0.218 0.344

2.52288E+12 80000 0.212 0.337

3.15360E+12 100000 0.209 0.333

Table VI-2.  Postclosure (Cont.)

Time Factor

(sec) (year) Inner Outer

DTN:  SN9907T0872799.002
NOTE: Kthermal is calculated as Max. Kthermalx Factor

Maximum Kthermal (W/m-K) Inner=3.426,
Outer=9.068
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ATTACHMENT VII–LIST OF INPUT AND OUTPUT FILES

The following types files were submitted to the TDMS under DTN:LB991200DSTTHC.002:

1. Input and output files of simulations with the reactive transport model
TOUGHREACT V2.2. For each simulation, these files were concatenated into
one file using the Unix tar utility then compressed using the Unix gzip utility.
Resulting concatenated/compressed files have the extension .tar.gz.

2. Summary Excel spreadsheets of model output data at three locations around the
drift (crown, side, and base).

DST simulations input and output files (concatenated/compressed files)

dst99amr_8.tar.gz DST simulations with reduced set of minerals (Case 2)
dst99amr_9.tar.gz DST simulations with full set of minerals (Case 1)

THC Seepage Model simulations input and output files (concatenated/compressed files)

thc1mm_amb1.tar.gz THC simulation, 1 mm/year basecase infiltration , reduced mineral
set - 0 to 50 years

thc1mm_amb1a.tar.gz THC simulation, 1 mm/year basecase  infiltration,  reduced
mineral set - 50 to 100,000 years

thc1mm_amb2.tar.gz THC simulation, 1 mm/year basecase infiltration,  full mineral set -
0 to 50 years

thc1mm_amb2a.tar.gz THC simulation, 1 mm/year basecase infiltration,  full mineral set -
50 to 20,000 years

thc1mm_amb2b.tar.gz THC simulation, 1 mm/year basecase infiltration,  full mineral set -
20,000 to100,000 years

Other file names have similar designations as shown in the examples below. The file name
shows the infiltration rates used in each simulation (e.g., 6_16_25 means 6mm/year from 0 to
600 years, 16mm/year from 600 to 2000 years, and 25mm/year from 2000 to 100,000 years).
For THC simulations, the last digit in the file name is 3 for simulations with the reduced mineral
set, and 4 for the full mineral set (e.g., thc6_16_25_3 means 6/16/25mm/year with reduced
mineral set).  The last letters a, b, c, or d are used for time designations

th6_16_25_3.tar.gz Simulation without reactive transport (TH only) - 0 to 50 ears
th6_16_25_3a.tar.gz Simulation without reactive transport (TH only) - 50 to 600 years
th6_16_25_3b.tar.gz Simulation without reactive transport (TH only) - 600 to 2000 years
th6_16_25_3c.tar.gz Simulation without reactive transport (TH only) - 2000 to 100,000 years

thc0.6_6_3_4.tar.gz THC simulation, full mineral set - 0 to 50 years
thc0.6_6_3_4a.tar.gz THC simulation, full mineral set - 50 to 600 years
thc0.6_6_3_4b.tar.gz THC simulation, full mineral set - 600 to 2000 years
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thc0.6_6_3_4c.tar.gz THC simulation, full mineral set - 2000 to 20,000 years
thc0.6_6_3_4d.tar.gz THC simulation, full mineral set - 20,000 to 100,000 years

.

.

.
etc...

Contents of  .tar.gz  files

FLOW.INP Rock thermal and hydrological properties, run flags and other
specifications (input)

FLOW.OUT Thermal and hydrological results (gas/liquid saturation, T, P, air mass
fraction, etc.) (output)

GENER Infiltration rates, heat load, and effective thermal conductivity (input)
INCON Initial thermal and hydrological conditions (T, P, liquid saturation, etc.)

(input)
MESH Input numerical mesh (input)
SAVE Thermal and hydrological conditions (T, P, liquid saturation, etc.) to use

for  restarting a run (output, same format as INCON file)
TABLE Miscellaneous output data
VERS Miscellaneous output data
LINEQ Miscellaneous output data
CHEMICAL.INP Water chemistry, mineralogy, and CO2 partial pressure data (input)
SOLUTE.INP Run flags and other data relating to reactive transport (input)
thermokapps2.05.dat Thermodynamic database (input)
TEC_CONC.DAT Calculated concentrations of aqueous species (moles/liter) at each grid

node (two records for each node - first record for fractures and second
record for matrix) (output)

TEC_MIN.DAT Calculated volume fraction change for minerals at each grid node (two
records for each node - first record for fractures and second record for
matrix) (output)

TEC_GAS.DAT Calculated CO2 volume fraction at each grid node (two records for each
node - first record for fractures and second record for matrix) (output)

TIME.DAT Chemistry data at selected grid nodes (output) (not used in this this AMR)
chdump.dat Chemical speciation of initial water (output)
INCHEM Chemistry data at all grid nodes to use for restarting a run (input)
SAVECHEM Chemistry data at all grid nodes to use for restarting a run (output, same

format as INCHEM file)
ITER.DAT Iteration information (output)
run_log.dat Miscellaneous run-time information. Note: Mass balances are not printed

out correctly in this file for runs that have been restarted (i.e., starting at
times different than zero).
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Summary spreadsheets of output data (also used for plotting time profiles)
The data in these files were extracted from output files FLOW.OUT, TEC_CONC.DAT,
TEC_MIN.DAT, and TEC_GAS.DAT for each simulation.

case1_0.6.xls THC, full mineral set, 0.6/6/3 mm/year infiltration
case1_6.xls THC, full mineral set, 6/16/25 mm/year infiltration
case1_15.xls THC, full mineral set, 15/25/47mm/year infiltration
case2_0.6.xls THC, reduced mineral set, 0.6/6/3 mm/year infiltration
case2_6.xls THC, reduced mineral set, 6/16/25 mm/year infiltration
case2_15.xls THC, reduced mineral set, 15/25/47mm/year infiltration
case1_1amb.xls THC, no heat load, full mineral set, 1 mm/year infiltration
case2_1amb.xls THC, no heat load, reduced mineral set, 1 mm/year infiltration
th_only_6.xls TH (heat but no reaction), 6/16/25 mm/year infiltration
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ATTACHMENT VIII

SOFTWARE ROUTINES
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