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ABSTRACT

Backfill materials surrounding waste canisters in a high-level
nuclear waste repository are capable of ensuring very slow flow cf
groundwater past the canisters, and thereby Increase the safety of
the repository. However, in the design of a repository it will be
necessary to allow for possible changes in the backfill. In this
experimental program, changes In permeability, swelling behavior,
and plastic behavior of the backfill at the temperatures, pressures,
and radiation levels expected in a repository are investigated.
The emphasis is on investigation of relevant phenomena and evalua-
tion of experimental procedures for use in licensing procedures.

The permeability of a slightly compacted sand-clay mixture
containing 25% bentnnite, with a dry bulk density of 1.59 g/cnr,
was determined to be 0.9 x 10~18 and 0.8 x 10~18 m2 in liquid water
at 25 and 200°C, respectively. This Is sufficiently low to demon-
strate -che potential effectiveness of proposed materials: for a
pressure difference of 0.1 MPa across 30 cm of backfill, the calcu-
lated flow rate of liquid at 200°C would be only 6 cm^/yr per cm2.
In practice, fractures in the host rock may form short circuits
around the backfill, so an even lower flow rate is probable.

However, alteration by any of several mechanisms is expected
to change the properties of the backfill. Crushed basalt plus
bentonita is a leading candidate backfill for a basalt repository.
Experiments show that basalt reacts with groundwater vapor or with
liquid groundwater producing smectites, zeolites, silica, and other
products that may be either beneficial or detrimental to the
long-term performance of the backfill. Concentration of groundwater
salts in the backfill by evaporation would cause immediate, but
possibly reversible, reduction of the swelling ability of bentonite.
Moreover, under some circumstances, gamma vadiolysis of moist air
in the backfill could produce up to 0.5 mole of nitric acid or
ammonia per liter of pore space. The physical properties of
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altered materials may be sufficiently changed at conditions expected
in the repository to substantially influence the long-term perfor-
mance of backfill in a high-level waste repository.

INTRODUCTION

A mixture of expandable clay (e.g., bentonite) and crushed rock (e.g.,
basalt) has been proposed as water-retarding fill between the canister
containing nuclear waste and the host rock of a repository. The use of this
mixture, termad backfill in this work, seems essential for the performance of
a high-level nuclear waste repository in basalt to meet licensing criteria.
Also, a backfill may ensure an extra margin of safety for a tuff repository.
The backfill would be one of multiple barriers required to compensate for
uncertainties in predicting performance of the repository in a geologic
setting.

Almost any swelling clay minerals will ensure slow flow through the
repository. However, the backfill must withstand the severe environments
expected in a repository and retain its essential properties. Proper
repository design requires a knowledge of the response of the backfill ti
that environment. It is essential to explore the limitations of backfill
so they can be circumvented or allowed for by design of the repository.
If backfill retards flow at high temperatures, remains in place, and is
stable in the repository environment, then it should function well in the
repository for the time periods considered in licensing.

Issues Addressed by This Research

i
Within the area of concern, the unresolved general issues being addressed j

in this program are (1) what mineralogical changes will take place in the
backfill and host rock and (2) whether the modified geologic materials have
the properties of swelling behavior, permeability, and ability to seal
fractures that are necessary to assure the safe disposal of nuclear waste.

The program is being performed in two parts, according to these two
general issues. The first part is to identify mineralogical changes that
occur in backfill at elevated temperatures (Feacor 1984). Conversion of
montmorillonite in the backfill to illite, chlorite, paragon!te, or mixed-
layer illite-smectite under the conditions in the repository would cause a
reduction in volume of the backfill or a reduction in the swelling prejsure.
If reduced volume leads to shrinkage cracks, the performance of the backfill
may be seriously degraded.

Experiments have been run in the basalt-water and bentonite-water

systems and are planned for the basalt-bentonite-water system (Peacor 1984).
Because the reactions are fairly slow, state-of-the-art methods are being
used to detect small rhanges in mineralogy that may be extensive over an
extended period.



The second part of the program, described in this report, involves
determination of changes in swelling pressure, permeability, and plastic
behavior due to alteration. Also in this part of the program, the alteration
of backfill materials by steam and by gamma radiation is investigated with
regard to changes in physical properties of the backfill.

This paper is an attempt to define the important unknowns, and presents
experimental data on (1) permeability of sand plus bentonite at 25 and
200°C and (2) alteration of basalt by groundwater vapor. Progress in this
program and details of the experimental studies are reported elsewhere
(Steindler 1983 a,b; 1984 a.b.c).

We anticipate that some of the methods and data from this work will
also be applicable to the question of swelling behavior of secondary minerals
in basalt, and may provide an answer to the question of whether swelling or
clays can seal fractures opened hy thermal or mechanical stresses.

Specific issues being addressed in the second part of this program are:

1. Can the long-term performance of backfill be accurately predicted
from observations of materials treated hydrothermally in the
laboratory?

2. Can processes leading to failure of backfill be identified in
laboratory experiments or inferred from geologic settings?

3. How are laboratory measurements of permeability and swelling
ability related to these properties as experienced in full-scale
applica tions?

4. Will physical properties "urh as low permeability to water and
plasticity be maintained under the elevated presures and .ampera-
tures of the repository?

5. Will growth of basalt alteration products cement the backfill or
otherwise affect plastic behavior?

6. Will the ionizing radiation field expected in the proximity to
waste canisters degrade the performance of backfill?

7. Is alteration in a vapor environment detrimental to the long-term
performance of backfill?

Background and Objec-.ves

Backfill React ioni?

A mixture of basalt and bentonite has beer chosen as the reference
backfill material for a basalt repository. There are still questions
as outlined below, that could cause the backfill to be less effective
than freshly emplaced backfill.



The physical properties of bentonitn are quite sensitive to change,
depending on the composition of coexisting fluid. The key to its low permea-
bility and ability to fill cavities is the expandability of montmorillonite,
the major mineral component. However, the calcium, hydrogen, potassium, and
cesium ion-exchange forms are not very expandable compared to the sodium
form; partial conversion of the backfill to nonexpandable forms may occur as
a result of reaction with basalt. Furthermore, montmorillonite is not very
expandable at high salt concentrations, and salt may be concentrated by
evaporation of water from the heated regions of the repository. The expan-
sion behavior also depends on pH, and hysteresis of expansion with wet-dry
cycling has been observed (Norrish 1963).

Montmorillonite is probably unstable, although possibly not very reac-
tive, under hydrothermal conditions in a basalt repository (Peacor 1934).
Possible reaction products include illite, illite-smectite mixed-layer
mineral, chlorite, albiten and paragonite. Several reviews (e.g., SOD 1983
a) have concluded from studies of natural sediments that bentonite is likely
to be unstable and reactive in a repository at temperatures over approxi-
mately 100°C. However, there are few data on the reactivity of bentoniUe in
a basalt repository environment. Wood (1983) has shown that bentonite does
not alter rapidly in the presence of basalt in hydrothermal experiments,
although the data suggest possible slight uptake of sodium and potassium from
basalt by the bentonite, with possible alteration of the montmorillonite
fraction of bentonite to less expandable phyllosilicates (Couture 1983).
Data by Peacor (1984) support the slowness of reaction, and bentonite may
well remain essentially unchanged in & basalt repository. However, the
reaction may be limited by the rate of alteration of the basalt, and altera-
tion of the bentonite may not be apparent in experiments until a large
fraction of the basalt is altered.

Another possible problem is cementation. Observed hydrothermal reaction
products of basalt include clinoptilolite, mordenite, illite or illite-
smectite, and possibly silica minerals (Wood 1983). If crashed basalt is
subjected to a hydrothermal environment, it will be extensively transformed;
it is possible that the backfill matrix will be cemented by secondary zeo-
lites and silica. Formation of secondary minerals in the pores is expected
to reduce permeability, but it may also cause embrittlament or reduce expan-
dability of the bentonite. Pusch (1983) has presented evidence of poor
expandability of bentonite due to natural cementation of smectite grains by
silica and iron oxide. Also, we have found in the laboratory that dissolved
substances can cement smectite grains on drying, so that the grains will no
longer expand in water unless they are mechanically broken apart.

Other potential problems include physical removal of clay by water flow,
formation of tubes or permeable zones by release of steam, and mass movement
of the backfill in response to differential water pressures. The possibility
of high local transient hydraulic pressures during resaturatlon of a reposi-
tory needs to be considered. The permeability of the rock mass will not be
uniform, as flow takes place mainly through fissures. The possibilities of
the shifting of backfill and canisters and of the breaking of borehole seals



in response to high differential water pressures needs to be carefully
evaluated. This could cause partial loss of confinement of the backfill and
increased permeability. In an extreme caoe, movement of backfill might
conceivably cause settling of canisters.

Required and Attainable Permeabilities

Under ideal conditions, a swelling backfill can be highly effective
at reducing flow. Measured permeabilities of candidate backfill materials
are reported in Table 1 and are lower than that generally considered necessary
to ensure integrity of the repository. The requirements for permeability are
discussed in detail elsewhere (Anderson 1982; Steindler 1983 a) and summarized
here. Only vertical flow of groundwater is considered.

Table 1. Permeability of clay and clay-sand mixtures

Dry Bulk Pressure

Load Density Difference Permeability
Material (MPa) (g/cm3) (MPa) (m2)

20% Na-montmorillonite,
80% sanda

25% Na-montmorillonite,
75% sandb

30% Na-montmorillonite,
70% sandc

30% Ca-inontmorillonlte,
70% sandc

30 kaolinite,
70% sandc

Ca-montiuorillonitec

Na- and Ca-
bentonitec

Ha-monttnorillonite**

Kaolinite

6.4

6.4

6.4

6.4

0.1

0.1
6.4

1.46

2.10

1.03

0.1 to
0.3

3.4

1 x 10~16 to
2 x 10~17

7 x 10-19

5 x 10~19

4 s 10~17

2 x 10"16

3 x 10~18

1 x 10~ls

2 x 10~ 2 0

1 x 10~16

5 x 10~17

aFrom Pusch (1979). Pusch reports a clay content of 17%, allowing for
sand and silt in the bentonite.

bFron Wheelwright (1981).
cFrom Grim (1962), p. 241.
dFrom Pusch (1980).



On the basis of a limited number of measurements of hydraulic head
(Gephart 1979; Steindler 1983 a), the maximum sustained vertical pressure
difference across the backfill is assumed for this discussion to be 0.1 MPa.*
This is based on the conservative assumption that the rock formation will not
restrict flow of water through the repository, and allows for opening of:
fractures due to thermal and mechanical stresses (Waste Isolation Systems
Panel 1983). Convection will result in an additional pressure difference of
less than this value (Steindler 1983 a). The pressure difference of 0.1 MPa
across 30 cm of backfill with a permeability of 1 x 10"*^ m^ would give a
flow rate of only 11 cm/yr of water''" at 300°C, and 7 cm/yr at 200cC. These
flow calculations are based on the assumption that the flow rate varies
inversely with the viscosity of water, but that the permeability is indapen-
dent of temperature aud water composition.

This calculation represents a worst case, because any fracture or
fracture network that allows unrestricted flow of water to the backfill
would probably also allow unrestricted flow around the backfill. Thus, a
sustained pressure difference of 0.1 MPa is unlikely, and backfill with
a permeability of 1 x 10~^8 nr would be extremely effective at ensuring
a low flow rate.

The same permeability has been suggerf.ed as the approximate value at
which diffusion is as important a transport mechanism as flow (Anderson 19&2).
However, this estimate is based on an assumed pressure gradient that is much
lower than that assumed here. It also includes uncertainties due to effects
of temperature and other conditions.

The excellent impermeability of sodium montmorillonite results from its
ability to swell in water to several times its dry volume. However, there are
few data on its swelling behavior at high temperatures. Although differ-
ential thermal analysis has shown that sose interlayer water is retained
by sodium montmorillonite in a closed system at temperatures up to 403°C
(Koster van Groos 1982), it was not determined whether, at these temper-
atures, montmorillonite is capable of the extreme swelling that occurs at
room temperature. In addition, the combined effects of variable groundwater
composition, high temperature, and alteration must be tested.

Most of the measurements in Table i were ciade at conditions far from
those expected in a repository. For practical reasons, many of the measure-
ments were made at very high pressure <" ".rences across short columns. The
resulting high flow rates may lead to co>- ction* or redistribution of
materials in the columns that would no'j occur at lower pressure differences
and, therefore, niay lead to erroneously low permeability measurements.

However, catastrophic changes in hydrol gy have been postulated (Waste
Isolation Systems Panel 1983) that could lead to larger pressure gradients.

'That is, a column of water 11 cm high per year. The velocity of flow would
be higher and would depend on the fracture volume of the rock formation.



There are other possible experiments artifacts. Clogging of frits
is an experimental phenomenon that could lead to large errors and must be
evaluated. Some measurements have been made on columns that may have
contained substantial amounts ox air (e.g., Pusch 1979) and, as a result,
may not have had representative permeabilities.

Objectives

The objectives of this research are to Identify relevant processes
and failure mechanisms of backfill and to establish uncercainties In the
performance of backfill over the expected repository life of thousands of
years considered in the licensing process. These objectives are being
pursued primarily through an experimental j>-ogram to identify the possible
failure of backfill that would allow permeation by water and subsequent
dispersal of radioelements.

Licensing decisions will be based on the contributions of the geologic
setting and the backfill to the long-term isolation of nuclear waste. The
methods and data from this research are also applicable to the clay minerals
in the basalt host rock.

Scope of Research

The wcrk is focused on materials that are suggested as backfill materials

in programs of the Department of Energy. Results of this work are expected
to be of direct use in evaluating licensing issues concerning the performance
of proposed backfill.

The scope of the work includes investigation of relevant phenomena
and evaluation of experimentax procedures, but does not include the develop-
ment of backfill or search for suitable materials. Moreover, issues such
as cost, which do not relate to the safety of proposed backfill, are not
addressed in this work.

HISTORY OF BACKFILL CONDITIONS

Sequence of Environmental Conditions

Assessing the performance of backfill for a commercial high-level
nuclear waste repository is not a simple matter of determining the permea-
bility, diffusion coefficients, thermal conductivity, etc, of the material
at a single temperature and pressure. The history after emplacement will be
complex, and there will be sequential changes in the environment. There are
both physical and chemical (mineralogical) effects to be considered. The
behavior of backfill materials has not been tested over the possible environ-
mental range.

*I£ the pressure difference is a large fraction of the swelling pressure
of the backfill, or exceeds It, compaction can result. Compaction due to
flow Is greatest at the outlet end of columns, resulting In Inhomogeneity.



The processes to be considered include possible initial drying or the
backfill before closure, alteration by steam, damage from radiation and
radiolysis products, and alteration by liquid groundwater.

Depending on design, the maximum temperature could reach 300°C (Anderson
1982; Rockwell Hanford Operations 1982). During the high temperature period,
there will be intense gamma radiation, probably on the order of 1 x 1(P R/h
at the canister surface.* Drying or distillation of groundwater may lead to
concentration of salts.

The host rock may be dried out for several meters around the waste at
the time the backfill is emplaced, depending on the length of time before
emplacement, the effectiveness of cooling, and the permeability of the rock.
Steam can be expected from a hydrous backfill mixture after emplacement. The
steam may escape by the time of sealing; if so, the predominant gas in the
repository will initially be relatively dry air.

Response to the Hydrothermal Environment

Time until Saturation with Liquid Groundwater

The time until saturation with liquid water is important because it
determines, in part, (1) the maximum temperature attained in the hydrothermal
system, (2) the duration of exposure to steam, (3) whether radiolysis will
occur mainly in the vapor phase or the liquid phase, and (4) whether accumu-
lation of dissolved salts is possible in or around the backfill. The time
until saturation is difficult to predict because it depends mostly on the
properties of the host rock. Rapid saturation will lead to a hydrothermal
environment; slow saturation will lead to an environment of hot air plus
water vapor during the thermal period. Hydrothermal alteration has received
the most attention in the literature; however, we have shown that alteration
of the backfill by vapor is also possible. Moreover, radiolysis products
will be quite different in a vapor-dominated system than in a liquid-dominated
system.

Unless the backfill is highly compacted, it will probably not delay the
onset of saturation very much. The properties of the host rock, or possibly
of the tunnel and shaft seals, will be much more important. If the rock is
impermeable and tunnel and shaft seals are effective, as frequently assumed,
saturation of the repository could take hundreds or thousands of years
(Anderson 1982; Soo 1983 b; Wood 1981). However, if new fractures develop in
the rock, or if existing fractures open in response to thermal stress or to

The radiation intensity and temperature depend on design and remain to
be determined (Anderson 1982; Rockwell Hanford Operations 1982). The
radiation dose rate may be much lower if a shielded canister is used.



mechanical stress from excavation or tectonic activity (Waste Isolation
Systems Panel 1983), saturation of the backfill could be rapid, requiring as
little as a few months.*

The water pressure at a 1000-m depth is about 10 MPa, which is sufficient
to rapidly saturate any clay barrier. Filling of fractures in the basalt by
swelling of bentonite in the backfill and self-injection into cracks will do
little to delay the onset of saturation. The highest degree of swelling of
clay occurs only in the presence of liquid water, or possibly at relative
humidities of very nearly 100%.' Unless the backfill is highly compacted,
a high swelling pressure is likely only after most of the backfill is already
wet.

Hydrothermal Alteration by Groundwater Vapor

The duration of exposure to groundwater vapor could be years. Recent
experiments (Bates 1932) have demonstrated the corrosive power of steam on
silicates. If substantial alteration of backfill by vapor occurs, the
alteration products may be mineralogically or physically quite different from
the hydrothermal alteration products. It is conceivable that vapor could
cement the backfill before it expands, thereby preventing proper expansion.
Natural cementation of bentonite is known to inhibit swelling in some
instances (Pusch 1983). In view of the possible consequences, which Include
serious failure of the backfill^ an investigation has been started on altera-
tion of backfill materials by vapor.

Hydrothermal Alteration by Liquid Groundwater

Illite, mixed-layer Illite/smectite, and paragonite are potential hydro-
thermal reaction products of bentonite. Some of the Grande Ronde basalts
have high concentrations of potassium-rich glass (Table 2), which could cause
part Lai conversion of smectite to illite provided the potassium is not taken

In contrast, the regional hydrologic gradient and flow through the interbeds
has been used to estimate a resaturation time of about 3000 yr (Anderson
1982). However, this calculation is apparently based on the assumption of a
normal flow rate through the interbeds into the repository, and apparently
does not take into account an increased flow rate due to filling of a void.
Indeed, the filling of a repository is analogous to the filling of a well.

*0ur experiments have shown that a macroscopically visible, high degree of
swelling does not occur in steam at relative humidities of <97% at 260°C or
lower (Steindler 1983 b), although differential thermal analysis In a
pressurized system shows that smectites can retain some inter.layer water
at temperatures up to 403°C about 40°C above the boiling point of water
(Roster van Groos 1982).
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up by alteration products.* Formation of illite or paragonite from mont-
morillonite would cause a reduction in volume of the backfill, or at least a
reduction in the expected swelling pressure. If this causes development of
shrinkage cracks, the performance of the backfill would likely be seriously
degraded•

Table 2. Analyses of two immiscible glasses
in Umtanum basalt*1

Constituent

SiO2

TiO2

A12O3

FeOb

MnO

MgO

CaO

Na2O

K20

p2o5

so2

Cl

Matrix
Glass
(wt %)

65.6

0.9

17.2

3.1

N.D.C

Trace

3.7

4.4

5.1

N.D.

N.D.

N.D.

aFrom Peacor (1984).

''Total iron as FeO.
cNot detected.

Globule
(wt %)

30.0

6.8

1.0

43.1

0.4

1.0

11.0

N.D.

Trace

5.7

1.0

Trace

Illite has been observed as a hydrothermal alteration product of basalt
at 300°C (Wood 1983). Conversion of smectite to illite was not detected
during hydrothermal reaction of basalt-smectite mixtures (Wood 1983).
However, partial conversion may be difficult to observe in a complex
mixture. Furthermore, solution analyses from bentonite, basalt, and
bentonite-basalt-groundwater systems suggest possible uptake of potassium
and sodium from the basalt by the bentonite; paragon!te was also observed
as a possible product.
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Crushed basalt in backfill, especially basalt that contains a glassy
masostasis, is highly susceptible to hydrothermal alteration. Formation of
zeolites and silica is probable, with cementation a possible outcome.
Cementation may be quite beneficial, adding strength to the backfill and
reducing permeability; however, it may also cause brittleness and the loss of
the ability of the backfill to heal cracks and to extrude and seal cracks.
Formation of permanent cracks in the backfill could constitute a serious
failure. Furthermore, alteration by steam of a granular backfill may prevent
proper expansion and sealing. Pusch (1983) has shown that natural cemen-
tation of smectite grains can limit expandability. These possibilities are
being examined in hydrothermal experiments at Argonne National Laboratory and
the University of Michigan.

Alteration of backfill in a high thermal gradient has received little
attention. A gradient of 100°C across 30 cm has been estimated for a reposi-
tory (Altenhofen 1981), although the gradient will probably be lower in a wet
system. Because the dissolved silica concentration in the backfill-water
system depends greatly on temperature, it follows that there may be substan-
tial mass transport in the backfill. Also, thermal diffusion (the Soret
effect) has been shown to increase the effect of diffusional flux of most
dissolved ions (Thornton 1983). Diffusion in a thermal gradient is not
further discussed here, but one possible effect would be destabilisation of
montmorillonite in response to removal of silica.

Concentration of Groundwater Salts

During the saturation process, drying or distillation of groundwater
may lead to substantial concentration of dissolved salts. Assume, for
example, that groundwater flows toward the canisters through fractures
adjacent to the backfill. If there is an escape pathway for steam (e.g., if
borehole seals are imperfect) water will be distilled into cooler parts of
the repository, leaving dissolved salts behind. The salts may eventually be
washed into pore spaces in the backfill.

There are two potential problems due to salts in the backfill. The
resulting increase in fluoride concentration may increase rates of hydro-
thermal alteration. T.n addition, bentonite is quite sensitive to dissolved
salts and is much less expandable at high dissolved salt concentrations than
at low concentrations. For example, assuming a dissolved sodium concentration
of 0.015 M, and assuming a dry porosity of 35%, if a volume of groundwater
equal to T.8 times the volume of backfill is concentrated in the pore volume
of the backfill, the resulting sodium concentration in the pore volume would
be 0.25 M_. We are not aware of any hydrothermal data on the behavior of
montmorillonite in such a system, but at room temperature this concentration
would decrease the basal spacing from 115 A to 19 A (Brown 1961, p. 174).
The increased permeability of bentonite in salt solutions is well known.

Radiolysis in the Gas Phase

During ,part of the repository history, the backfill and canister will
likely be exposed to steam and air. Radiolysis of air efficiently produces
oxides of nitrogen. In the presence of liquid water3 nitric acid is formed;



12

in the presence of water vapor and bases, nitrates are formed. At some
tine the oxygen may be entirely consumed by reaction with basalt. Nitric
acid can also be produced from nitrogen and water in the absence of oxygen
(Wright 1955). In this case, small amounts of ammonium ion and, presumably,
hydrogen gas are also produced (Wright 1955). Ammonia may also be produced
by reaction of nitric acid with basalt. The effects of nitric acid and
ammonia on the backfill must be considered.

The possible production of nitric acid in a repository has been con-
sidered in detail (Steindler 1984 a). Experiments to determine the reactions
of bentoaite and basalt in a radiation field are nearly complete and show a
yield of ̂ 2 atoms of oxidized nitrogen per 100 eV of adsorbed radiation at
200°C. Assuming an adequate supply of nitrogen and water vapor in a gas-
filled repository, we have estimated the production of nitric acid to be
0.5 mole per liter of pore space, at a dose rate of 2 x 1(P R/h over the
lifetime (̂ 30-yr half-life) of the gamma emitters. For backfill with 25%
bentonite and 30% porosity, this is equivalent to about 40% of the cation
exchange capacity. In a tightly sealed system, the maximum possible amount
of acid generated would be about 0.05 mole per liter of pore space. However,
we assume that gas will be free to diffuse into the backfill from adjacent
rooms, through imperfect seals. We expect that, in the absence of liquid
groundwater, NO2 and NO will diffuse throughout the repository and possibly
escape altogether. However, it is also possible that the gases will react
with clay in the backfill. Montmorillonite has an extremely high surface
area, and hydrolysis of NO2 by interlayer water would acidify the clay. In
a mixed vapor-liquid system, nitric acid would dissolve in liquid water. The
alkalinity of ordinary nonflowing basaltic groundwater would be nearly two
orders of magnitude too low to neutralize the estimated amount of acid. The
presence of an appreciable amount of nitric acid may have a considerable
effect on the hydrothermal alteration of backfill. The hydrogen-ion form
of montmorillonite is known to be unstable at room temperature and not very
expandable (Brown 1961). The effects of acid on the alteration of backfill
materials at high temperature are untested.

Nitric acid is probably unstable in the presence of basalt; in the
presence of water, part or all of it may be converted to ammonia. Alterna-
tively, ammonia may form instead of nitric acid. Reaction with ferric iron
in basalt to form ammonia would proceed according to the reaction,

8FeO + HNO3 + 2H2O = NH4OH + 4Fe2O3

The NHA ion is also a potential problem because it behaves geochemically
like K*. Substitution of NH4+ for Na+ in montmorillonite could lead to loss
of expandability of the clay, by a process analogous to formation of illite.

METHODS

In this section we describe laboratory methods for determining swelling
behavior and permeability of backfill materials. The methods are being used
to measure the properties of fresh materials over a. wide ranga of possible
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repository conditions and to determine the properties of altered materials.
The measurements are designed to be directly applicable to repository
environments.

Figure 1 shows a simplified schematic of the equipment used for permea-
bility measurements. Groundwater is pumped under pressure through a column
of backfill, and the volume of water flowing from the column is determined by
a graduated tube or capillary. A back—pressure regulator valve maintains
pressure in the column, so that equipment can be used at high temperatures.
Leak-free performance of the fittings is essential for reliable measurement,
especially aboye 100°C. The static metal-to-metal seals are effective and
less susceptible to leaks due to contamination by particles than are dynamic
seals. They can also be inspected readily for evidence of leaks, even â 'ter
use above 100°C. The equipment differs from most in that the flow rate into
the column is measured and recorded continuously- Measuring the flow rate
into and out of the column offers a means for independent testing for leaks.
Hydration of long columns c? n also be studied without waiting for breakthrough
of the water. By reversing flow through the column, it is possible to test
for clogging of the outlet frit or clogging of the column itself due to flow.
The equipment is very sensitive at low flow rates; by thermostating the
system, flow rates as low as 0.1 iiL/min have been measured at 25°C. This
equipment was used for the measurements presented in this paper, except that
the back-pressure regulator valve and the differential pressure transducer
were eliminated for measurements at 25°C.

CAPILLARY - ^
SIGHT GLASS
FOR FLOW
MEASUREMENT

BACK PRESSURE
REGULATOR VALVE

FILTERS

BACKFILL

OVEN

VALVE

Fig. 1.

Diagram of the apparatus used to
measure permeability of backfill
materials. Flow rate and pressure
a r e continuously recorded.
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Soo (1983 b) his shown our proposed equipment for measuring swelling
pressure at elevated temperatures. Tn addition, swelling behavior at room
temperature Is being determined by microscopic methods and by X-ray diffrac-
tion, which are very useful for studying small samples of hydrothermal run
products and of naturally occurring alteration products.

RESULTS

Permeability Measurements

The experiments reported here were designed to determine the permeability
of backfill materials at realistic degrees of co~faction and at flev rates
and temperatures approaching those expected In a repository to determine the
effect of flow (or pressure) on permeability, and to -rapt some of the equip-
ment to be used in later measurements-

Two columns, labeled A and B, were prepared with 25% beatonite (Enviro-
gel, Wyo-Ben, Inc., 200 mesh) and 75% crushed, sieved sand packed ir. stainless
steel tubis. Presumably,, crushed basalt, with a wider range of grain sises,,
plus bentonite will give lower permeabilities than measured here. The
bentonite is a typical Wyoming bentonite, consisting mostly of montuurillonite
(Peacor 1984), with a trace of illite or mica, and about 10% sand and silt.
An analysis of the montmorllloaite, presented in Table 3, shows that it is a
typical sodium montmorillonite. It is capable of swelling to many times its
dry volume in water.

Column A was prepared using sand crushed to 80-140 mesh size (105-180 vim).
The dimensions of the column were 1.89 cm in diameter x 7.00 cm long, and
the dry bulk density was 1.59 g/cnP. Column B was prepared using saad
with 20-80 mesh size (180-840 ym). The dimensions were 1.89 cm in diameter x
6.85 cm long, and the dsry bulk density was 1.72 g/cm^. Fritted stainless
steel discs with 2-ym nominal pore size were used, and the column was con-
nected to a capillary tubing with commercial high-preasura, low-dead-volume
fittings. The flow rate into the column was recorded continuously; the flow
rate out of the column was measured with glass capillaries.

Figure 2 shows the hydraulic impedances of the two columns at 25°C
during the saturation period, plotted as a function of total water in the
columns. (The impedance is defined here as the hydraulic pressure divided by
the flow rate, and is an inverse function of permeability.) The impedances
of the columns increased as the columns filled, and it appears that the
initial increase of each was linear.

An equivalent permeability can be calculated by dividing the column
into a hypothetical dry portion and ? water-saturatec portion, and calculating
the equivalent pressure gradient from the length of the water-saturated
portion. At any point on the curves in Fig. 2, the permeability is propor-
tional to the abcissa divided by the ordinate. On th assumption that the
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Table 3. Snergy-dispersive X-ray analysis of montmoril-
lonite from Envlrogel 200 bentonite. The
unpurified bentonite also contains 0.21% CO2.

Constituent Weight (%)

Na20

K20

CaO

MgO

A12O3

SiO2

Totalb

Calculated formula:c

Na0.38Ca0.04K0.01^0.35^1.43

3.3

0.13

0.70

4.0

3.2

20.5

68.1

100

0.14Si4.02°10(OH)2'xH2C

Oxidation state assumed.

"Adjusted to 100% for anhydrous compound.
cCalculated for 11 oxygens + 1 H20.

Fig. 2.

Hydraulic impedance at 25°C
versus total flow into two
colums containing 75% sand,
25% bentonite. Dry bulk
densities: (A) 1.59 g/cm3;
(B) 1.72 g/cm3.
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permeability does not decrease with time, the equivalent permeability estab-
lishes an upper limit for the permeability of the backfill material. The
initial linear portions of the curves give equivalent permeabilities of
8 x 10~*8 m^ and 3 x 10~^8 m^ for columns A and B, respectively, which are,
in fact, the highest permeabilities measured on those columns. These permea-
bilities are very low and are quite close to the value of 1 x 10""*8 nr- used
in the flow calculations discussed in the introduction.

When water emerged from the outlet of column A, the flow rate was
measured. The flow t»as then reversed and cycled through monotonically
increasing rates followed by a reduced rate. The flow rates and permea-
bilities are shown in Fig. 3.

5
03

Ul

0.5 1.0

PRESSURE, MPo
1.5 2.0

Fig. 3. Flow rate and permeability at 25°C of sand-
bentonite column A with a dry bulk density
of 1.59 g/cmJ. Experimental sequence:
(1) initial flow direction; (2) reversed
flow, low pressure followed by high pressure;
(3) reversed flow, low pressure. Perme-
ability is shown only for (2).
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Reversing the flow caused a twofold increase in permeability. The
difference may have been due to movement of clay particles within the column,
resulting in partial clogging of the column or the frit. Inspection of the
column just before the measurements were made rules out compaction as a
cause. The permeability increased with pressure. At the lowest pressure
(0.29 MPa) the permeability was only 0.89 x 10-1° m^. Extrapolation to zero
pressure suggests a permeability not much lower or higher than this value.

An increase in pressure from 0.29 to 1.66 MPa caused <sn irreversible
decrease 4n permeability by about 1/4, as determined by subsequent measure-
ments at 0.29 MPa. This shows that flow had a small but significant effect
on reducing permeability. The reduction of permeability by rapid flow was
apparently somewhat greater during filling of the column than it was later.

A third column with s density of 1.59 g/cm^ had a permeability of
0.8 x 10~18 mz at 200°C—indistinguishable from the permeability at 25°C.

Alteration of Basalt by Vapor

Bas°lt and bentonite were altered in water vapor in small, tubular
aut^/Vaves. The results are reported in detail elsewhere (Steindler 1984
b,c). Only the results for basalt are presented here. The basalt is a
sample from the Umtanum formation, and consists mainly of plagioclase,
augite, titanomagnetite (Fe/Ti atomic ratio =• 3.06), and glass. There
are two immiscible glasses, potassium-rich glass and iron-rich, yellow
glaLO. The compositions are shown in Table 2. The potassium-rich glass is
quite abundant; the rock contains 1.4% K2O (Peacor 1984).

Small polished tablets of basalt were exposed to vapor and were kept
away from the liquid. The relative humidity ranged between 66% and 1CO% at
the experimental temperatures. Artificial basaltic groundwater and a 0.5 M
Na2S04 solution were used for the various experiments.. The composition ~
of the groundwater is shown in Table 4. The relative humidity was controlled
by adding limited amounts of water to the system or t_ reducing the activity
of the groundwater with Na2S04.

 r r e a t care was taken to maintain uniform
temperature inside the vessels.

The experimental conditions and results of experiments lasting about
10 days are summarized in Table 5. In some samples, the surface was exten-
sively altered by reaction with vapor or with a thin film of water. The
degree of alteration increased with increasing temperature and relative
humidity.

The effects of alteration by unsaturated vapor included zonal etching of
plagioclase, alteration of the glass with formation of goethite [?e0(0H)],
tarnishing of some of the titanomajraetite grains, and, in some samples,
slight etching of augite. New crystalline phases formed c 1 the surface.
Because of the E M size, no attempt was made to identify them, except fur
the goethite.
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Table 4. Composition of groundwater
used in vapor alteration
experiments

Compound Concentration
(10~3 M)

NaCl
NaoSO'
Na2B4°6
NaF
N32C03
NaHCO3
Na2Si03
K2SO4
CaSO4
MgSO4
HC1 to pfl 9.9

2.99
1.12
0.0331

1.95
0.57
0.71
2.01
0.024
0.032

7.3 x 10-4
3.05

Table 5. Summary of r 3ults of vapor alteration of basalt

200-0, 9 to 13 days

0.5 M Na2SO4 solution, "̂ 97% relative humidity8

Slight tarnishing of some titanomagnetite
Very slight etching of plagioclase and growth of new phases

Groundwater solution, 100% relative humidity
Tarnishing of some titanomagnetite and augite grains
Glass was not detectably altered except by contact with liquid

and NaCl formed on the hydrated surface

300oC, 10 days

Groundwaterj 66% relative humidity*1

Iron-rich glass was altered; goethite fo«.a.̂ d on the hydrated
surface

Most titanomagnetite grains were tarnished; some, however, were
not detectably altered

Augite was not altered
Plagioclase was etched

Groundwater, 90% relative humidity0

More extensive alteration than at 66% relative humidity

Augite very slightly etched and new phases formed

Groundwater, 100% relative humidity'3

Smectite coats surface to depth of 3 vim
CaS04 aru* NaCl formed

aEstimated from Raoult's law.

"Calculated from amount of water, volume of vessel, and known density
of saturated steam.
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In saturated vapor, CaSO^ and NaCl formed on the surface. At 300°C in
saturated vapor, a layer of smectite about 3 ym thick formed on the surface.

Alteration of three samples over ten days with groundwater at relative
humidities of 66%, 90%, and 100% clearly shows the effect of relative humi-
dity. Figure 4 is a photomicrograph of the original unaltered basalt surface.
Figures 5, 6, and 7 are photomicrographs of surfaces altered at the three
relative humidities. As seen in Fig. 5, the glass was extensively altered at
66% relative humidity; the iron-rich glass appears to be replaced by goethite.
The plagioclase was also etched, and most of, but not all, the titanomagnetite
grains were tarnished. At 90% relative humidity (Fig. 6) the alteration was
noticeably more complete; at 100% relative humidity (Fig. 7) the surface was
covered to a deptn of about 3 ym with a smectite-rich mixture of alteration
products. Semlquantitative analyses of the smectite by scanning electron
microscopy show about 2c5% K2O, with the approximate atomic proportions,

.07^0.25Fe<II>l. 7^1.7S13.1°11

o
A strong X-ray diffraction peak at 1.54 A suggests that the smec.ite
is trioctahedral and, therefore, that tha iron is in the ferrous state.
The smectite swells very little in water compared to the swelling of sodium
montmorillonite.

The results suggest that, under certain conditions, a basal-: component
of backfill may undergo extensile alteration by steam in a relatively short
time. Alteration of the glass and plagioclase may be significant sources of
potassium and calcium, which could adversely affect bentonite if they are not
consumed by alteration products, Alteration of the iron-rich glass, which we
have observed, may be an important mechanism for lowering the oxygen fugacity
in a waste repository.

CONCLUSIONS AND DISCUSSION

Tha permeability of tba two columns investigated, containing 75% sand
and 25% bentonite, was very low. The column with a dry bulk density of
1.72 g/cm3 initially had an effective permeability of 3 x 10~18 m2, as
defined by the flow race of water into the dry column. The column was never
completely saturated. We expect that the permeability would have decreased
substantially at complete saturation.

The final permeability of 0.9 x 10"^ m2 measured for the column with a
dry bulk density of 1.59 g/cnr' appears to be a representative value for
that column. Surprisingly, it is much lower than the value of 2 x lO"1^ m2

obtained by Pusch (1979). The difference may be accounted for by the slightly
lower clay content (about 17%) and lower density (1.53 g/cm3) in Pusch's
experiment compared to our experiment (22% and 1.59 g/cm^, respectively).
The effect of normal groundwater (compared to the pure water used for our
experiment) will be tested In future experiments, but is not expected to be a
major factor because the salt in normal basaltic groundwater ([Na+] ̂ 0.015 M)
does not greatly affect the swelling of smectites (Brown 1961). ~
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A1'?.

Fig. 4. Surface of unaltered basalt shown in reflected light.
Labels mark glass (G), plagioclase (P), augite (A),
and titanomagnetite (TM).

Fig. 5. Surface of basalt after alteration by groundwater vapor for
10 days at 300°C, 66% relative humidity. Marked are the
alteration of glass (G), alteration of peripheral zone of
plagioclase (P), unaltered augite (A), and titanomagnetite (TM),
Most titanomagnetite grains are tarnished and show low-order
interference colors. Reflected light.
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Fig. 6. Surface of basalt after alteration by groundwater vapor for
10 days at 300°C, 90% relative humidity. More extensive
etching of plagioclase (P) is shown; some grains of titano-
magnetite (TM) still not detsctably altered.

Fig. 7. Surface of basalt after alteration by groundwater vapor for
10 days at 300°C, 100% relative humidity. The surface is
completely covered with a smectite clay.
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The possibility of leakage of water between the column of backfill
and the column tubing is small, but cannot be ruled out. However, if
leakage had occurred, the permeability of the backfill would have been
lower than measured. Any minor leaks .in the equipment would not affect
the permeability measurements made at the column outlet. Any leaks in
the high-pressure side of the system would mean that permeability measure-
ments made on the basis of flow into the column would be erroneously
high. Thus, undetected leaks would not invalidate the conclusion *~hat
the measured permeabilities are low.

The permeability depends on the pressure gradient and the history of the
column. An increase in pressure gradient causes an immediate increase in
permeability followed by a slow, irreversible decrease. The initial increase
in permeability may be due to air *a the column, hydrodynamic factors, or
decreased swelling of clr- / against the inlet frit. The irreversible decrease
is probably due *n. ii^sment of particles within the column. The effects
observed are i'lnor over the range of pressures investigated. However,
b̂ '-i-use there are at least two mechanisms with opposite effects, it follows
that attempts to extrapolate measurements co lower pressures than those
investigated experimentally should bf> done carefully. In some cases, extra-
polation from very high to very low flow rates could give erroneously low
values of permeability. Large extrapolations should be done only with
knowledge of the phenomena. In this case, the minimum pressure gradient used
in the measurements was 40 kPa/cm. This is about six times the maximum
gradient expected across 15 cm of backfill (7 kPa/cm).

Data reported here also indicate that if groundwater vapor contacts
crushed basalt at high temperatures in a repository, the basalt will be
altered. In the. experiments, plagioclase and glass were altered more
rapidly than augite or titanomagnetite. Potassium released from the glass
and sodium and calcium released from the plagioclase are likely to be
exchanged with exchangeable ions of the wontmorillonite in the backfill,
and may lead to alteration of the montmorillonite. The high potassium
and iron content of the smectite that formed experimentally suggests that the
smectite formed from the glass. The smectite has a much lower swelling
capacity than sodium montmorillonite. Conversion of bentonite tu such a
smectite would probably increase the permeability of the backfill. However,
we speculate that in a mixed basalt-bentonite system, at least part of the
potasnium will be consumed by newly formed smectite. Because the "dissolved"
ionic concentrations will be much different in a vapor-dominated system than
in a liquid-dominated system, there is no a priori basis to assume that the
reaction products will be the same in both cases.

The effects of other alteration products on the backfill, such as iron
oxides and zeolites (if formed), remain to be tested. It seems possible that
alteration of the montmorillonite and cementation due to formation of zeolites
and silica as alteration products may result in reduction in swelling ability
and plasticity. However, formation of a smectite as the major phase during
alteration at 300°C and 100Z relative humidity is encouraging. Longer experi-
ments will be necessary to study both the rates and products of alteration.
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The alteration of iron-rich glass may have a major effect on the fugacity
of oxygen in a repository. At 300°C, the glass is apparently altered by
vapor much more rapidly than the Citanomagnetite, and most of the goethite
appears to be derived from the glass. At 200°C, the relative rates are not
certain. It is likely that the glass will also have a major effect in a
liquid-dominated system. Experimental or theoretical efforts to determine
the rate of uptake of oxygen by the basalt should not ignore the glass and
other iron-containing phases.

Radiolysis of air plus water vapor is expected to result in fixation of
nitrogen, forming oxides or ammonia. Oxides of nitrogen are acidic, and
would partition into the liquid phase, forming nitric acid* If there is a
sufficient supply of nitrogen to the backfill, the amount of acid (or base)
generated could be up to 0.5 mole per liter of pore space over the lifetime
of the gamma emitters, or higher if the partial pressure of nitrogen is
higher than 0.8 atmosphere. This is equivalent to about 40% of the ion
exchange capacity of a backfill mixture containing 25% montmorillonite by
weight and 30% pore space by volume. The course of events can probably not
be predicted with certainty from available data. The possibilities include
(1) diffusion of NH3 and oxides of nitrogen away from the backfill and
dissolution in groundwater in relatively cool parts of the repository;
(2) dissolution of gaseous nitric acid or ammonia by interlayer water of
montmorillonite (which has an extremely large specific surface area),
resulting in alteration of the clay; and (3) dissolution of nitric acid or
ammonia by liquid water in the backfill, resulting in alteration of the clay
or basalt. Either nitric acid or ammonia may be highly detrimental to clay.
The H + ion-exchanged form of montmorillonite is reportedly unstable at room
temperature; ammonium ions behave mineralogically like potassium ions, and
could lead to formation of an ammonium analog of illite.

RECOMMENDATIONS

We recommend specific laboratory tests, projections of laboratory test
information to the repository environment, and possible features desired in
repository design that would improve safety. These recommendations stem from
the experimental results and analyses conducted in this program.

1. On the basis of presently available information, we recommend that
backfill around the waste canister be included as part of the
repository in basalt. The data show that fresh basalt-bentonite
mixtures are capable of ensuring very low flow rates through a
repository. The major products of alteration appear to be clays, <.n
the basis of preliminary information. It is probabla that almost
any altered backfill, especially if clay-rich, will ensure a rea-
sonably low flow rate through a repository, and may be preferable to
no backfill at all.

2. Measurements of permeability and swelling behavior of backfill
materials should be made as close as possible to, and over the
complete range of, conditions anticipated in a repository.
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3. Permeability measurements should include some method of evaluating
the magnitude and effect of leaks, especially if dynamic seals,
which can be contaminated with particles, are used.

4. Large extrapolations of permeability to low flow rates should
be made carefully, and only with the understanding of the phenomena
that lead to the measured permeability.

5. Nonswelling clay (or projected end products of alteration) may be
used as an analog for determining the permeability of completely
altered backfill clay.

6. Hydrothermal experiments should be done to evaluate the effects
of nitric acid and ammonia on the stability of backfill materials.

7. Hydrothermal experiments on basalt and clay should be continued
to evaluate the maximum possible extent of reaction in the reposi-
tory. Specifically, it is important to determine if the alteration
of clay in mixtures of clay and basalt is limited by the extent of
the reaction of basalt.

8. Possible limits on expansion of clay due to cementation of smec-
tite grains in the backfill should be evaluated in hydrothermal
experiments.

9. Possible embrittlement of backfill due to formation of nonclay
alteration products should be evaluated with hydrothermal
experiments.

10. The effects of vapor alteration of backfill on plasticity and
expandability should be evaluated.

11. The stability of backfill materials in a high thermal gradient
should be evaluated.

12. Backfill should be designed to neutralize nitric acid without
incurring significant damage (use of a fine grain size of powdered
basalt might be one effective way to accomplish this).

13. Secondary clays in the host rock should be evaluated for the
ability to expand in groundwater and accommodate widening of
fractures•

14. Repository designs that permit accumulation of salts in backfill
should be avoided if the backfill contains swelling clay.

15. Possible displacement of backfi.ll due to transient pressure dif-
ferences should be considered in the design of a repository.
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PLANNED RESEARCH

Further work on mineralogical changes In the basalt-bentonite-groundw!)ter
and basalt-illite-groundwater systems Is in progress= Determinations of
plastic behavior and measurement of swelling behavior at high temperatures
are planned. The use of backfill in a tuff repository Is being studied.
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