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ABSTRACT 

't in a geologic nuclear waste repository could be 
released to the gaseous phase and escape to the acces- 
sible environment through partially saturated fractured 
rock. Interaction with the carbon system in the ground can 
lead to retardation of 't. A mechanistic interpretation of 
'c retardation and release is provided by a model that 
couples nonisothermal gas flow and water saturation, 
carbon distribution based on local equilibria among gas, 
liquid and solid phases, and C and "C transport. Reposi- 
tory heating is predicted to volatilize carbon {rom the liquid 
phase and to promote calcite precipitation. C transport is 
retarded principally by incorporation in the aqueous phase. 
A portion of early released "C can be fixed in precipitated 
calcite for thousands of years. 

INTRODUCTi ON 

Under oxidizing conditions in a high-level nuclear 
waste repository, 'C in nuclear waste might be released 
as 'COP Any such gas escaping the engineered barrier 
will be incorporated in the existing carbon system of the 
geosphere, and be transported along with gaseous and 
dissolved carbon. 

Several recent studies addressed 'c gaseous 
transport at the Yucca Mountain repository environment 
using simplified models of geochemical retardation 12*? 
Accurate modeling of 't transport requires coupling of 
relations between the source, heat flow, two phase fluid 
flow and the distribution of chemical species among solid, 
liquid, and gas phases. Interphase exchange of carbon 
could result in a significant retardation of released 't, 
thereby delaying its arrival at the accessible environment. 
This paper reports on I mechanistic model for the geo- 
chemical interaction of '% for a HLW repository in partially 
saturated rock. 

The 'c transport model consists of three parts: 
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A geochemical model describing the state of all 
carbon species in the gas, liquid and solid phases 
for a representative volume of parUally saturated 
rock; 

A flow and transport model for movement of total 
carbon through the system which consists of a 
number of connected volumes or 'cells": and 

A model of 'C migration as a trace quantity in the 
general movement of total carbon. 

A carbon system geochemical model which incor- 
porates all reactions of primary significance to '4c trans- 
port in pSrtially saturated fractured rock can be based on 
local chemical equilibrium and mas9 and charge conserva- 
tion in a representative volumo. Chemical reactions in the 
model comprise carbonate equilibria among aqueous spe- 
cies, diuociation of water, vapor-liquid equilibria for CO, 
and HP, and calclte dissolution and precipitation. In addi- 
tion to the aqueous spedes in these equilibria, the present 
model includes Na'to represent other aqueous cations. 
The reactions represented in the present model are given 
below: 

H,O(C) + CO,(aq)* H' + HCO; (1) 

HCO; H' + C0,'- 

H' + OH' H 2 0  (3) 

CaCO,(s) + H' * Ca" + HCO; (4) 



'v 
charge balanco In tho model aqueous phase 

is represented by quating sums of aqueous cation and 
anion oquhralents. Local masa conservations for carbon 
and calcium are maintained within each cell, and the mass 
Of sodium is conserved in the aqueous phase. 

Given the total masses of C. Ca and other species, 
mass of water, and the temperature, pore volume and 
pressure of each cell, the above relationships lead to a Set 
Of nonlinear algebraic equations which are solved simui- 
taneously to characterize local equilibrium in each cell for 
each time step. Equilibrium constants for reactions 1 to 5 
are functions of temperature only at one bar pressure. 
Activity coefficients are functions of ionic strength, and are 
generated from an extended Debye-H irckel equation. 
Calcite is permitted to precipitate or dissolve, and the 
model solution becomes undersaturated with respect to 
calcite in its absence. The partial pressure of CO, is calcu- 
lated from the activity of aqueous CO, assuming ideal gas 
relations. 

TOTAl CARBON TRANSPORT MOD& 

The calculation of transport of total carbon through the 
modeled system is performed by sequential iteration in the 
following steps: 

Local chemical equilibrium is calculated in each cell 
at time t uslng the geochemical model; 

Inputs and outputs to each cell are determined from 
an independent flow model for the next time step 
t+ IS. In the present model, only advective trans- 
port by gaseous flow is allowed. Therefore, the 
input of CO, to a cell is determined only by the 
partial pressure of CO, in the previous cell or up- 
stream boundary and the flow of the transporting 
gas from that cell. Gaseous flow and condensa- 
tion/evaporation of water is accounted for indepen- 
dently as part of the flow model and input to the 
chemical model. 

Mass distributions are revised In the cells for time 
step t+ At using the geochemical model with updat- 
ed temperature and liquid saturation states. 

The carbon transport algorithm in the preceding 
steps simulates changes to thechemistry of each phase in 
the system as a function of time and spaco. The carbon 
transport model determines the quantitiw of CO, gas 
moving through the system of cells, as well as the ex- 
change rates of carbon between the various phasw. 

'3 TRANSPORT MOO& 

Any 't released from the waste will constitute only 
a small fraction of the total carbon in the surrounding rock. 
The 't transport model uses the state and evolution of 
total carbon speciation to simulate transport through the 
system of trace amounts of 't released instantaneously at 
a particular cell. Treating "C as a trace allows simple 

fomuiation of the transport model and the use of linear 
superposition for more general, noninstantaneous source 
terms. 't is assumed to behave e x a m  in proportion to 
the total carbon, wlth no isotopic fractionation. However, 
radioactive decay removes '92 from the solid, liquid and 
gas inventories. 't is removed tom the liquidlgas phas- 
es if calcite precipitates from solution, lt re-enters the 
System if previously "C-contaminated calcite dissolves. 
The model assumes that calcite dissolves first from the 't- 
contaminated calcite inventory before uncontaminated cab 
Cite redissolves. The model further assumes that the is 
distributed homogeneously within the contaminated calcite 
of each cell. 

!&?DEL APPLICATIONS 

The present geochemical transport model has been 
applied to slmpliRed examples In order to demonstrate the 
range of possiblo phenomena associated with the release 
and transport of "0, in partially saturated fractured rock. 
The model domain is a onedimensional column of 145 
cells represented in Fig. 1, with constant hydraulic proper- 
ties and cross Section, passing through the center of a 
hypothetical repository plane, which is located at cell 50. 
Water, gas, and relevant mineral chemistries, as well as the 
geothermal gradient that resemble those observed at 
Yucca Mountain are provided as initial conditions. The 
system chosen for the example was simple in order not to 
confound the resub of the geochemical transport model 
with other phenomena. For example, gas is assumed to 
now in the upward direction only, even though thermal- 
hydraulic simulations indicate an initially outward gas flow 
in all directions from a heated repository in partially saturat- 
ed tuff'. Additionally, transport of % is by advection in the 
gas phase only; there is no transport of 'c by water flow 
or diffusion in gas or water. 

the present example were generated from two-dimensional 
codes developed at NRC for predicting air flow through 
Yucca Mountain, and similar to those models developed by 
Ampter and Ross'. Temperature, represented in Fig. 2, 
was calculated from a two-dimensional thermal conduction 
model which includod the geothermal gradient. The ther- 
mal model assumed constant thermal conductivity and a 
unHorm Initial heat loading of 57 kilowatts per acre. Gas 
tux, shown in Fig.3, varied with time, but was assumed to 
be uniform throughout the onedimensional column. 

Uquld saturation is shown in Fig. 4. The temper- 
ature and gas flow models did not indude water saturation 
expiidtly. Therefore, an approximate empirical model for 
saturation of the column was derived from the results of 
simulations of twophase thennalty induced circulation near 
repositories in tuff'. The empirical model used in the ex- 
ample predlcts that water saturation is 80% except within a 
zone of about 50 meten above and below the repository 
for a period of lesa than Moo years. Other initial condi- 
tions and parameters of the example system are given in 
the table below. The input concentration of CO, was 
chosen so that gaseous CO, would be in equilibrium initial- 

l'lmedependent temperature and gas flux used in 



with tho liquid and solid c w n c e n t r a t i o n s .  These 
conditlonr lead to .n Initial solution with pH - 7.2, moder- 
ately undersaturated with respect to calcite with the Q/K 
(saturation Index/equilibrium constant) about 0.2 and par- 
tial pressures of CO, in the range 0.005 to 0.008 bar, de- 
Pending on temperature. 
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Figure 2 - Temperature Profiles for 
Example 

Figure 1 - One-dimensional Flow and 
Transport Model 
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Figure 3 - Gas Flux for Example 
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Figure 4 - Water Saturation for Example 

Results for carbon model 

Resub for tho carbon transport model are given In 
Fig. 5, which shows tho dlstributlon of carbon for each cell 
among the gas, liquid and solid phasos for varlous timer 
after repository dosure. Initially, the carbon contont de 
creases In the liquid phase and increases In tho solid and 
gas phases near the repository level. Just above the 
repository, however, the carbon content of the gas and liq- 
uid phases increases, a reflection of gas transpod of the 
pulse of CO, initially volatllied from the liquid near @e 
repository and transported. Increasing temperature, de- 
creasing solvent mass, and increasing pH due to CO, 
volatilization all promote calcite precipitation near the 
repository horizon. 

At 500 years, the initially volatilbed CO, pulse haa 
been flushed out the top of tho column. The calcito con- 
tent continues to grow. spreading abwo and below the 
repository level as temperature increases. At Moo and 
4OOO years the calcite progressively redissolves while the 
liquid content of carbon lncreaaes as the rock cools. 

Resutts o f 'C m a  

Figure 6 shows tho dlstrlbutlon of '% for each cell 
in the gas, liquid and solid phases at various times for 1 O4 
Ci of 'C released 15 m below the usumed repository 
plane at time zero. The 'C was released below the repos- 

itory plane to a& for gas drculation expected near the I 
repository, and allom interaction of tho contaminant below 
as well as -0 tho OnglnOOred barrier. 

At 100 years, most of the 't has redistributed to 
the liquid phaso. Tho liquid and gas Inventories of '% 
have moved abow the repository plan0 because of gas 
transport, even though the fradon of 'C in the gas phase 
is small. The 'C in the calcite remains iixed until calcite 
redissolves. At 500 years, the gas and liquid inventories of 
'C have moved furVIer above the repository plane. Some 
of the calcite near the repository plane redissolves, re- 
leasing its 'C inventory, which in turn is partially captured 
by precipitating calcite further from the repository plane 
where temperature continues to increase. 

By Moo years, nearly all 'C is swept from the 
column, oxcept that which remains trapped in the calcite. 
By this time, calcite is redissoMng everywhere, so the 
contaminated calcite acts as a long-term source of 'C to 
the system. Some of this residual 'C remains even at 
4000 years. 

PeDendenCe on time o f release 

The model predicts that calcite starts to precipitate 
shortly after repository closuro and then redissolves. 
Therefore, the timing of tho releaso of '% from the waste is 
important to its ultimate fate. 'C released after most cal- 
cite has precipitated will not be removed from the liquid 
and gas phases as effectively as 'c released during the 
period of active calcite precipitation. Figure 7 shows the 
cumulative release (as a fraction of the amount released) 
at several locations In tho column of 'C over a 1500 years 
time period from repository closure, as a function of the 
time that the 'C pulse was released. This figure demon- 
strates the interesting phenomenon that '% released at 
early times can MiVo at the end of the column later than 
'C released subsequently. 

Numerical experiments with a now and transport 
model that Indudes coupled nonisothermal geochemistry, 
provide insights to the behavior of 'C in a partially satu- 
rated geologic repository for nudeu wasto. Applications 
have been made to a system rosembllng the proposed 
repository at Yucca Mountain, Nevada Modd resub 
show a significant redistribution of autochthonous carbon 
among solid. liquid and gas phasos. evon in areas remote 
from tho repository plane. Carbon remains predominantly 
in the aqueous solution, in spite of the fact that near-field 
heating reaub in a reduction of liquid saturation, abundant 
calcite prodpitotion, and increased equilibrium fractionation 

while not shown explidtly in thlr paper, transport of 
't releared from the repository would k generally retard- 
ed by a factor of approximately 30 to 40 because of immo- 
bilization in tho llquid phase. In addition. 't released 
early during the period of solid calcito precipitation can be 

of co, into the gas phase. 
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flxed for a long period before repository cooling leads to 
redissolution of the calcite. 

Although rimplltied, the model demonstrates the 
complex nature of the geochemical processes affecting 'c 
transport Results of the simulation depend strongly on 
model assumptions, and retardation would change under 
different conditions of chemistry, hydrology, temperature or 
gas flow. We contemplate coupling geochemistry and 
carbon transport models with more realistic two or three 
dimensional treatments of heat and mass transfer near a 
repository in partially saturated tuff, which would include 
transport In the gas and liquid phases and allow far molec- 
ular diffusion. 
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