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Abstract

Thermohydrochemical (T-H-C) processes result from the placement of heat-generating

radioactive materials in unsaturated, fractured geologic materials. The placement of materials in

the proposed Yucca Mountain repository will result in complex environmental conditions.

Simple models are developed linkkg the thermohydrological effects simulated with TOUGHZ to

system chemistry, with an example presented for chloride. Perturbations to near-field chemistry

could have a significant impact on the migration of actinides and fission products in geologic

materials. Various conceptual models to represent fi-actures are utilized in TOUGHZ simulations

of thermohydrological processes. The simulated moisture redktribution is then coupled to

simple chemical models to demonstrate the potential magnitude of T-H-C processes. The

concentration of chloride in solution (returning to the engineered barrier system) is

demonstrated, in extreme cases, to exceed 100,000 mg/L. The implication is that the system

(typically ambient chemical and hydrological conditions) in which radionuclide transport is

typically simulated and measured may be significantly different from the perturbed system.
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1. Introduction

The objective of this paper is to demonstrate the potential magnitude that coupled

processes can have on the ambient system chemistry for a thermally perturbed geologic

repository. As an example, a simple model is presented for the redistribution of chloride in an

unsaturated, fractured geologic repository. When radioactive materials are placed in a geologic

repository, the heat generated during radioactive decay results in a liberation and redistribution

of moisture in the system. The science of thermohydrology is the study of moisture liberation

and redistribution events as initiated by thermal processes.

Thermohy&ology is an example of a two-process coupling, that of thermal and

hydrological processes. The purpose of this paper is to examine the coupling of

thermohydrology to water chemistry. A T-H-C coupling requires an integration of chemistry

into the numerical representation of thermohydrology, because chemical effects can impact

thermal and hydrological processes. For example, the precipitation and dissolution of mineral

phases can result in modification of the porosity and permeability of the system. For a limited T-

H-C coupling, the coupling of thermohydrology to chemistry is one-way, such that when

chemistry is altered from the ambient state it minimally impacts thermohydrology. Justification

of the limited process considered here is presented later,

2. Chloride Chemistry Coupled to Thermohydrology

Chloride is commonly assumed to be a conservative component in many aqueous

systems, including Yucca Mountain. Consewative is used to describe a chemical that does not

undergo sorption or kinetically limited precipitation/dissolution on the long time scales of

interest. Precipitates of halides will not significantly alter liquid movement because of their high

volubility. In general, the amount of material above the volubility limit will be small in
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comparison to the pore space available to contain the precipitates. Chloride is not believed to be

present in the mineralogical system (far fi-omthe land surface) and therefore the only sources are

from the water (pore and fracture) present in the system and the inllltrating fluid from the

environment (that has reacted with the near-surface sediments). Chloride satisfies the goal of

having practical importance to waste isolation. A team of experts evaluated numerous variables

for the potential to impact performance assessment. A variable that consistently arose for many

different considerations was the chemistry of fluid returning to and interacting with the

engineered barrier system and waste forms, with an emphasis on chloride (Sassani, 1997). Table

I is the composition of the J-13 well water compared to pore waters extracted from tuff materials

(Ikrrar, 1990; Yang, et al. 1990; Yang, et al. 1996).

The TOUGH2 code was utilized to simulate the therrnohydrological environment

following the emplacement of heat-generating radioactive materials in a geologic repository

(l%uess, 1991). For a

referred to (EsL 1998).

detailed discussion of the thermohydrology simulations the reader is

One- and two-dimensional problems form the geometry of the problem

set presented in this paper, with the one-dimensional problem representing average repository-

scale behavior and the two-dimensional problem representing drift-scale processes. The matrix

and fracture properties utilized (Tables II and III, respectively) were derived from inverse

modeling completed for the Yucca Mountain Viability Assessment (VA) using the thr&-

dimensional site-scale model developed by Lawrence Berkeley Laboratoq (Francis, 1998).

Figure 1 provides a conceptual description of the system and processes for the

redistribution of chloride. TOUGHZ simulated results were utilized to precipitate, dissolv~ and

advect chloride through the problem domain. The following assumptions apply to the analyses

for all of the T-H-C models presented for chloride:



1)

2)

3)

4)

5)

6)

Chloride that is initially present in each element is deposited in that element when/if it dries.

Chloride deposited equals the product of pore water concentration and pore water volume.

Chloride flux into the system is a product of the fi-acture concentration and the infiltration.

Upon dry-out the chloride is deposited in the fracture elements for the DK conceptual model.

Chloride is volubility limited assuming it is NaCl at 95°C (CRC, 1985). It is expected that a

charge balance will be established with cations other than Na+ in the actual system.

Precipitation/dissolution rates of NaCl are much more rapid than the hydrologic time scales.

The Equivalent Continuum Media (ECM) and Dual Permeability (DK)

models were used to represent the fractures in the system. The reader is referred to

conceptual

(Ho, 1997)

for a good description of the conceptual models. Figure

chloride mass flux predicted to return to the engineered

2(a) is the chloride concentration and

barrier system following the thermal ‘

response for the ID ECM and lD DK problems, respectively. Chloride concentration and

chloride mass flux peak at values of approximately 55OOmg/L and 68oO mg/yr, respectively, for

the lD ECM model. The duration of the chloride and mass flux peaks are 97 and 53 years,

respectively. The concentration effect is simulated to be much stronger for the lD DK model

with chloride concentration and chloride mass flux being 24,000 and 930 times the ambient

values, respectively. The impact of

resulted in peak values for chloride

dimensionality was obvious when the 2D ECM model

concentration and chloride mass flux returning to the

hypothetical engineered barrier system (EBS) of 14,000 and 6,500 the ambient values. For the

2D ECM model completed, chloride was focused onto the waste package from throughout the

simulation domain (i.e. the chloride response was much less pronounced at the edge of the drift

away from the location of the waste package).

The justification for the neglect of density and osmotic effects on the model is now



presented. As fluids become concentrated in Cl- and other anionic species (with charge

balancing cations) the density of the solution will increase substantially. The concentrated

solution will experience a greater tendency for gravity-driven flow. However, the temporal

behavior of the presence of concentrated solutions at the waste package will be such that

gravitational (density) effects are minimized. In order for the concentrated solution to approach

the waste package, it must breach the above boiling dry-out zone. As a concentrated finger of

brine enters the dry-out zone the moisture of the solution will be rapidly vaporized. The

chemical components of the brine

where it condenses. The dilute

will be deposited and the vapor will flow to cooler regions

solution will then flow as gravity-driven fingers (reflux)

collecting deposited salts. Density-dependent flow has the potential to reduce the arrival time of

concentrated solution at the EBS, but the magnitude and duration of the concentrated solutions

should be similar to the results when density-dependent brine flow is neglected. The moisture

characteristic curves of the matrix and fi-actures to transmit brine could be significantly different

from the original moisture characteristic curves for a dilute solution. However, considering the

characteristic curves are not well known for the fracture system under ambient conditions,

neglecting change in the characteristic curves for brine transmittal is justified.

Chemical osmosis is the process where a gradient in solute concentration causes a flux of

solvent, i.e. water moves from zones with low concentration to zones with high concentration

creating a dilution of the higher concentration fluid (in the presence of a semi-permeable

membrane). For the system under examinatio~ chemical osmosis would not be active at the

front edge of the rewetting front because a dilute solution would not be present below the

gravity-drive% high concentration solution. On the upper edge of the rewetting pulse, chemical

osmosis (as well as difision since no semi-permeable membrane would be present) would tend
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to reduce peak concentrations and increase the duration of the elevated chloride concentration.

Since these processes would act to reduce the peak concentrations (but not eliminate the effect)

they have not been included in this bounding analysis.

A conclusion ftom the results of the THC model for chloride redistribution is that the

coupled processes result in a large perturbation of one component of system chemistry fi-om the

ambient state. Other components of system chemistry may be buffered and not be impacted as

significantly by the boiling and condensation processes. However, the model was developed to

demonstrate the potential magnitude that THC processes may have on the waste isolation system.

3. Radionuclide Transport

Volubility and sorption can be envisioned as geochemical

limit transport of radionuclides in the environment. Sorption

lines of defense which will

is used here to refer to a

combination of several physiochemical processes including adsorptio~ chemisorptio~ and ion

exchange. An evaluation of the impact of variability in volubility and sorption must include the

expected spatial and temporal range of groundwater chemistry at the site. Triay et al. (1997)

attempted to assign appropriate bounds for water chemistry by using J-13 and UE-25 p# 1 waters

from the Yucca Mountain region. J-13 water is commonly believed to be somewhat

representative of fracture waters and UE-25 p#l of matrix pore waters. Triay et al. (1997) dld

recognize that this range of water composition may not bound the possible values for Eh and

chloride.

Data from Nitsche et al. (1993) and Efird et al. (1996) suggest that reduced ionic strength

resulted in solubilities up to an order of magnitude lower for both Np and Pu. The authors do not

want to suggest that similar behavior would be observed for the THC perturbed solutions being

discussed, only that the effects could be large. Volubility is a complex property and it is difficult



to make generalizations about expected behavior without knowing solution composition and

completing modeling/experimentation. Sorption coefficients collected by Stammose and Dolo

(1990) for Am (10-8M) on clay exhibited strong dependence on high ionic strength but only over

select regions of pH. At lower ionic strengths sorption was invariant over the entire range of pH.

If it was concluded that perturbed fluids could have a long residence time in the system then

transport properties of radionuclides in thermally perturbed fluids should be evaluated.

The need to consider thermally perturbed waters depends on the temporal behavior of the

relevant processes.

water chemistry is

If the EBS has a 100% survival rate during the temporal period

perturbed, radionuclides will not be released into the system and

when the

therefore

will not be available for transport. However, flow-field modification could possibly increase the

temporal persistence of thermally perturbed fluids. If the flow-field is modified in the region of

the host-rock above the waste packages (silica precipitation and dissolution), then the flow-rate

through the ilacture

modified conditions,

system may be greatly reduced from the ambient flow-rate. Under the

concentrated solutions may persist for a much longer period of time than

developed with the simulations presented earlier, i.e. it takes much longer to ‘wash-out’ the

deposited salts. Of course mass fluxes of chloride would be reduced with decreasing flow rates.

4. Conclusions

TOUGH2 simulations have demonstrated the magnitude of the potential effect that

coupled processes may have on system chemistry. A non-reactive, conservative species (Cl-)

was shown to be increased in concentration and mass flux returning to the EBS by factors of

24,000 and 6,500, respectively, over ambient conditions. Assumptions about the permeability

field modification and system behavior (life of the EBS including initial failures) will determine

the need to consider thermally perturbed fluids in the context ofradionuclide transport.
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Table I

Table II

Table III

Fig. 1

Fig. 2

Saturated zone J-13 fluid and unsaturated zone fluids

Characteristic curves and material properties for the matri~ boundary
conditions and initial conditions for all conceptual models

Characteristic curves and material properties for fkactures

Conceptual description of the system and processes for the redistribution of
chloride

a) Chloride concentration and mass flux exiting the heat generating element in the
lD ECM thermohydrochemical model, and b) Chloride concentration and mass
flux simulated with the lD DK conceptual model.
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Table I Saturated zone J-13 fluid and unsaturated zone fluids

Component units J-13 AVG.a UZ-5 AVG.b UZ4 AVG.C

Ca mgiL 12.9 45.2 99.2
Mg mgiL 2.0 9.2 17.4
Na mgiL 45.8 39.1 56.4
K mgiL 5.0 8.6 14.2

SiOz mgiL 61.0 92.4 86.8
No3- mgiL 8.8 m m

HC03- mglL 128.9 nr nr
c1 mglL 7.1 53.2 94.0
F mg/L 2.2 m m

So;z mg/L 18.4 51.0 151.8
Li V* 48.3 m m
Fe !-@L -30 49.1 24.3

W@ -45 18.5 38.6
Sr L@L -50 422.6 1196.5
Al W@ -30 m. nr
Zn Wti m 62.0 102.1

field Eh mV 340.0 m nr
field Oz mglL 5.6 m nr
field pH pH 7.4 7.0 7.5

a averages fiom(l%wrar, etal., 1990)

b averages from (Yang, et al., 1990)

c averages from (Yang et al., 1996)



Table II Characteristic curves and material properties for the matri~ boundary
conditions and initial conditions for all conceptual models

Matrix Material Properties

Intrinsic permeability k 2.7 x 10-17mz

Initial porosity o 0.11

Rock density P. 2580 kg/m3

Rock specific heat G 948 J/kg K

Thermal conductivity

Liquid-saturated rock lq 1.28 W/m K

Gas-saturated rock Kg 1.20 W/m K

Matrix Characteristic Curves

Relative permeability: van Genuchten

“psd” factor m 0.301,

Residual saturation Sr 0.16

Saturated saturation s. 1.00

Capillary pressure: van Genuchten

“psd” factor m 0.301

Residual saturation s, 0.16

$aturated saturation s. 1.00

Capillary pressure strength P. 3.5 x 104 Pa-l

Maximum capillary pressure P- 1.6x 1011Pa

Boundary and Initial ,Conditions

Initial initial conditions obtained by running the ambient problems (no

thermal input) to 1 x 106 years or longer, for the recharge rate of

interest

Recharge rate variable, 3 rnm/yr for results presented

Boundary at (z==.O m) T = 12.85”C, P = 86,131P% X~= variable

Boundary at (z= 700 m) T = 32.O”C, P = 92,000P% S1= 0.99999
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Table III Characteristic curves and material properties for fractures

Fracture Material Properties

Intrinsic permeability k 5 x 1011 mz

Initial porosity o 0.01

Rock density f% 1.0 kg/m3

Rock specific heat G 1001 J/kg K

Thermal conductivity

Liquid-saturated rock K1 0.70 W/m K

Gas-saturated rock Kg 0.04 W/m K

Fracture Characteristic Curves

Relative permeability: van Genuchten

“psd” factor m 0.4899

Residual saturation s, 0.01

Saturated saturation s. 1.00

Capillary pressure van Genuchten

“psd” factor m 0.4899

Residual saturation S. 0.01

Saturated saturation s. 1.00

Capillary pressure strength P. 1.0 x 104 Pa-l

Maximum capillary pressure P- 1.6 x 108Pa

F/M connection reduction factor FM 1.0 x 104



Dry-out zone at maximum extent

Infiltration +., .$ 1 Large liquid and vapor circulation at the
I

\ Kl#..f f v dry-out zone bound-&y. Vapor flow away,
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!?? ‘“-outzone:q$g$. Deposited chloride. More
chloride is deposited where the
dry-out zone boundary spends
the most time (from infiltration)

;? \ Chloride de~osited from boilim of

Dry-out zone collapsing
[ I

pore waters

Dry-out zone extent enhanced due to gravity
drainage of liquid in fractures away from the source

Concentrated chloride solution
returning to the waste package

Drainage of concentrated fluids at
the boundary of the dry-out zone

Fig 1
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