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I

INTRODUCTION

Radioactive wastes have been generated now for more than three decades
and will continue to be produced in the foreseeable future. Large quanti-
ties of these wastes exist and are currently stored at a number of surface
and near~surface sites. The quantities of radioactive wastes stored at such
sites are increasing each year.

Though every precaution is taken to protect the environment and man from
the adverse effects of these wastes, most experts and laymen agree that near-
surface storage 1s neither an acceptable nor practicable long-term answer.
The speed and manner in which the disposal problem is resolved is likely to
have m:jor consequences, economically, politically, scientifically, and
soc%&ily.
£ Of the many alternatives that have been considered for the disposal
of these wastes, deep underground burial is the most favored. Intuitively,
guch disposal would seem to secure the wastes against events such as meteoro-
logical and geological changes, acts of terrorism, and wolitical turmoil.
Archeological and geological investigations thus far sipport such intuition,
Also, there is a wealth of experience concerning underground excavation. The
countries of the Organizatlon for Economic Cooperation and Development alone
construct a total of some 50,000 km of tunnels (OECD Advisory Report on
Tunneling, 1970) each year, under virtually every kind of terrain, beneath
land and sea, to depths approaching 4 km below surface. Some underground
mines have been in operation for more than a century and many mines use
excavations fifty or more years old.

The disposal of radioactive wastes, however, involves three principal
factors which lie outside the realm of mining experience. First and foremost,
radioactive materials must not be allowed to escape from the repository to the
biosphere at levels that constitute a hazard to life. Second, containment of
the wastes must be effective for unprecedented periods of time, of the order
cf a million years. Third, the wastes generate heat within the repository
by radioactive decay.

In general, nelther experience in mining nor in the fields of geomech-
anics, hydrogeology, and geochemistry at present are sufficient to predict
the behavior of an underground repository for the storage of radioactive
wastes with the legree of certainty required for the periods of time involved.

Accordingly, it is important that the necessary research be done in the
fields of geochemistry, geomechanics, and hydrogeology to enable adequate
predictions to be made concerning the performance of an underground repository
for the disposal of radioactive wastes. Undoubtedly, the success of such



repositories depends upon many factors and sciences but the first cecisive
que:stions involving geochemistry, geomechanics, and hydrogeology must be

2nawered.

In this paper, we have endeavored to appraise the potential for the
storage of radiocactive wastes by burial in underground repositories and to
define the more significant factors affecting the selection and design of a
repository. We have tried to identify those areas in geomechanics, hydrogeo-
logy, and geochemistry where further research is needed to provide answers of
the quality and certainty needed te resolve these issues.
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II

STRESSES IN ROCK

The Virgin State of Stress

In general the vertical component of the virgin state of stress in
rock has a value close to that given by the weight of the overburden.
Departures from this may occur in areas of rapid erosion, in areas of uneven
topography at shallow depths compared to local surface relief, or in and
close to inclusions and intrusions of rock with mechanical properties or
temperatures different from those of the surrounding rock.

A significant number of attempts has been made to measure the complete
virgin state of stress in rock at different locations and depths throughout
the world. These measurements have shown that the values of the horizontal
components of this state of stress range from about a third to three times
that of the vertical comporent. A compilation of many of these measurements
has been done by Hoek and crown (1977), and is shown in Figure 1. From this
it can be seen that relatively high values of the horizontal components of
stress tend to be a shallow phenomenon, possibly associated with the effects
of rapid denudation (Voight, 1966).

The value of the vertical component of rock stress is, on average, some
2.7 times greater than the hydrostatic head of water at the same depth; that is,
the value of the ratio of the hydrostatic head to the vertical stress is 0.37,
as is illustrated also in Figure 1. This is a result of the ratio between the
average density of rock and that of water.

The virgin state of stress at the site of any potential repository for
radioactive wastes has important implications for the hydraulic transmissivity
of the rock mass, the geomechanical stability cf the site, and the stability
of any excavations which may be made.

Hydraulic Transmissiyity

To insure that such near-vertical joints and fractures as may exist in
the rock at a site are not opened by the hydraulic pressure of groundwater,
the minimum component of the norizontal stress must be greater than the hydro-
statiec pressure at ali depchs. The minimum value of the horizontal stress
should, therefore, lie to the right of the line showing the hydrostatic pres-
sure in Figure 1; the greater the amount by which the horizontal stress exceeds
the hydrostatic pressure the lower will be the hydraulic transmissivity of near
vertical joints and fractures.

Faulting and State of Stress

Potential fault movements at the site dzpend upon the ratio of the
difference between the normal stresses and the effective normal stress on any
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rock surface. The effective stress is the normal stress less the hydrostatic
pressure., To obviate the likelihood of faul%ing, especially in the presence
of hydrosta'ic pressure, the difference between the values of the maximum and
minimum components of the principal stresses should be small. Acceptable
values for these components nan be calculated in terms of Coulomb friction
and effective stresses (Jaeger and Cook, 1976).

To preclude fault motion along existing discontinuities of any orienta-
tion, it is sufficient that:

(- Dp < [2 s D2 4 w12 ~ Dp, (1)
where
p = hydrostatic pressure,

M = the ratio between the valuc of the mavimum component of the
virgin state of stress and the hydrostatic pressure at the
same depth,

L = the ratio between the value of the minimum component of the
virgin state of stress and the hydroztatic pressure at any depth,

u = coefficient of sliding friction between rock surfaces.
This can be written as:
ML T2+ D2 54 112(L - 1) + 1 = MY, 2)

and solved for M' in terms of ranges o values of L and u. The results are
given in Table 1.

Table 1: Values of M' (the ratio between the value of the maximum component
of the virgin state of stress and the hydrostatic pressure at any
depth) for different valucs of u (the coefficient of friction) and L
(the ratio between the value of the minimum component of the virgin
state of stress and the hydrostatic pressure at the same depth)

i Values of M' for:

P L=1.25 L = 1.5 L =1.75 L = 2.0 L =2.25
0.2 1.37 1.74 2.12 2.49 2.86
0. 1.55 2.09 2.64 3.18 3.73
0.8 2.08 3.16 U, 25 5.33 6.41

1.0 2.u6 3.91 5.37 6.83 8.29




If the vertical component 1s the maximum principal stress, the value of
M is about 2.7. To preclude fault movement of a normal type, all combinations
of y and L giving values of M' less than 2.7 are not admissible; that is, the
upper left portion of Table I.

As the value of u may be as low as 0.4, the minimum value of L may be
1.78. This valve of L corresponds to a ratio between the horizontal and ver-
tical components of stress less than 0.66, if the vertical component is the
maximum principal stress.

Because the coefficlent of sliding friction may be greater than 0.4
high values of M' such as are shown in the lower right-hand-portion of thisg
table may arise. These could permit high values of the maximum princip=al
stress, without causing fault movement by frictional sliding along existing
joints. However, at high values of M', movement could occur for other reasons.
Laboratory tests on the strengths of intact rock (Jaeger and Cook, 1976)
would suggest that this is unlikely, but size is known to have a pronounced
effect on the strength of rock (Jaeger and Cook, 1976; Pratt et al., 1972),
as are geological features. However, these effects are not understood well,
Nevertheless, the data in Figure 1 may provide some indication of an upper
limit to the maximum value of stress which can be sustained by near-surface
rocks.

The upper bound to the value of the measured average horizontal virgin
stress derived by Hoek and Brown (1977) can be expressed as:

Ohay ~ 9y = 25 ~ 0.005z, (3)
where
Ohay = the average value of the horizontal components
of stress (MPa),
ay = the value of the vertical component, approximately
0.025z (MPa),
and

z = the depth below surface (m).

Equation (3) suggests that the maximum stress difference which rocks near
the surface can sustain may be about 25 MPa. However, the definition of Shav
as an average value introduces a degree of ambiguity into this interpretation.
If the vertical component, oy, is the minimum principal stress, then
Opl 2 Oh2 > Oy, Where opq and opp are the two horizontal principal stresses
In this case, the stress difference given by equation (3) is exact for oyp = opa.
For opp = oy it becomes:

oh1 + Oy
—% - 9y =25~ 0.0052 )
op1 - Oy = 50 = 0.01z ) (5)

so that the maximum stress difference, gy1 - oy, is 50 MPa,



If dpq is the maximum principal stress and opp is the minimum principal
stress, dp1 2 0y 2 Opp and equation (3) can be written as:

n1
< - oy =25 - 0.005z (6
' pq - 20y = 50 = 0.01z (n

for the extreme case where ¢p> = 0, so that the maximum stress difference may
be opq - opp = 50 + 20y, The' .fore, it seems reasonably safe to assume that
the value of the maximum principal stress could not exceed the value of the
minimum principal stress by more than 25 MPa.

T Strength of Rock arou E; vations

Depending on their purpose, underground excavations can have many different
configurations. Probably the most important considerations in designing the
excavations for an underground repository of radioactive wastes is the
safety, stability, and security of the excavations. In general, therefore,
such excavations are likely to take the form of a series of adjavent, but
more or less independent, tunnels. This results in simple, safe, excavations
with a high degree of isolation between each tunnel,

Based on laboratory measurements of the strengths of small intact rock
specimens and theoretical analyses of the stresses around tunnel-like excava-
tions, rock failure would not appear to be a significant problem. However,
it is generally accepted that such a simple apprcach does not accord with
reality. It neglects at least two important factors; namely, the effects of
size and geologlc structure on the strength of tlre rock.

Size i1s thought to have a significant effect on the strength of geologic
materials but there is a dearth of quantitative data on this question. Jaeger
and Cook (1976) devote a chapter to this subject, discussing bcth experimental
results and Weibull's statistiecal theory. Most of the experimental information
that is available concerns more or less cubical specimens of cocal, Evans
and Pomeroy (1958) and Evans, Pomeroy and Berenbaum {1961) quote a wide range
of crushing strengths for cubes of coal, the mean and modal values of which vary
as

o, = Ka=d, (8)
where
oo = the crushing strength,

K = a constant,
a = the side length of the cube,

d = an exponent with values between 0.17 and 0.32.



From a statistical analysis of case histories of pillars in coal mines,
Salamon and Munro (1967) concluded that the strength of a pillar decreases
inversely with size as its vo.ume to the power 0.067, which accords well with
the values for d given in equation (8) above. Data for hard rock are even
more sparse than for coal, Pratt et al. (14972) obtained results, reproduced in
Figure 2 fcr laboratory and in silu specimens of quartz diorite, showing a
pronounced effect of size on strensth. However, Obert «t al. (1940) and
Hodgson and ook (1970) found size Lo have little effect on strength, Clcarly,
this is an iwportant matter that ecannot he settled now Por want of sulficient
data.

In practice, the behavior of rock arcund many excavations is determined
by its slructure and Lhe presence of peolozical discontinuilies (Hoek, 1977).
However, little is to be galned in terms of 5 general, as distinct from a
site-specific, attempt to evaluate this phenomcror. A worst-case analysis
always results in rock failure and any luas demandirg theoretical assumptions,
no mattcr how obscure they are, merely beg Lhe question of sapecific data on
the frequency, character, orientation, and properties of such discentinuities,

Nevertheless, 1t is necessary Lo form some idea of the magnitude of
the effects of size and of pgeologic discontinuities on the strengih of hary
rock, in order to evaluate its potential as a location for an underground
repository of radioactive wastes. Some guidance may be gained from a4n
examination of the values of the field stresses known Lo have caunsged damage
to tunn~ls in hard rock.

On the basis of observations in deep gold mines of the Witwalersrand
System, Cook (1975) proposed that damage to tunnels, with a c¢ross-section
about 3 m square i1n argillaceous and arenaceous sediments with laboratory
uniaxial compressive strengths Iin the range of 170 MPa to 340 MPa, begins at
a value of the vertical (maximum)} component nf the field stress of 50 MPa and
becomes dangerous at o value of about 100 MPa. Ortlepp et al. (197%) adduced
observations of the onset of damage to similatr tunnels totaling many hundreds
of meters in length which may be irnterpreted as supporting this view.

In the absence of better information, it seems reasonably prudent to limit
the value of the maximum principal stress at the site of any potential reposi-
tory to somewhat less than 50 MPa, say, 25 MPa. This limitation is shown in
Figure 1.
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IMPORTANCE CF HYDROGEULOGY IN RADICACTIVE WASTE ICOLATICN

It iz believed that the only likely means by which radioactive material:c
may escape from an underground waste repository to the biosphere is by trans-
port with groundwacer. Thus, an understanding of the hydrogeological factors
that control groundwater movement is very impnortant. The goal is to be able
to seleet a site where the transport of the waste materials by the groundwater
will be slow enough so that the eventual release of toxic substances to the
Bbiospl.cre does not constitute a hazard to life.

Permeability of a rock formation is one of the key factors that controls
groundwater movement, and one would obviously prefer a repository site where
the rocks possess an extremely low permeability. Salt is generally believed
to be the most satisfactory rock formation from this standpoint because its
permeability has been reported to be so low as to be essentially unmeasurable,
In this case, the hydrogeological considerations discussed below are not a
major concern and one needs to focus on other factors, such as the stability
of salt at elcvated temperatures. The discussion tnat follows is therefore
only applicable to argillaceous and crystalline rocks.

Groundwater Movement

In considering the importance of hydrogeology in storing radioactive
wastes in nonsaline rocks, we must consider two hydrologic regimes (a) the
unsaturatea zone and {b) the saturated zone. There have been some arguments
proposed to support the concept of storing radiocactive wartes in a repository
above the water table, and thus in the unsaturated zone. The main rationale
is that fluid movement would be insignificant because of the low percentage
of water in the pore spaces of the rock.

It is well known among soil physicists that water ceases to move through
the unsaturated zone as soon as the fluid saturation falls below some critical
value referred to as the residual or immobile saturation. In a recent tech-
nical review, a National Research Council committee has coneluded from an
examination of field results at the Hanford Reservatlon that the available
evidence supports the concept that a thick unsaturated zone in a semiarid or
arid region can act as an effective barrier to the movement of radiocactive
nuclides into the biosphere (Panel on Hanford Wastes, 1978).

The critical problem that must be faced, however, is that when climatic
changes increase annual rainfall or when extraordinarily heavy storms occur,
water saturations can rise above the iwmmobile value and the effectiveness of
the barrier will be diminished or lost. Movement of groundwater through the
area of the repository can then become a problem. This concept therefore
requires that the climate remain such that the initial thickness of the unsatu-~
rated zone does not change over very long time periods,
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Sinee pesidence Line zna dilution are ultimately the jyruverning lactors
in decidine where tc lucate an underground repository, ane npust also investi-
gate the saturated zone where flow paths may be many kilometers in length.
Some water migration will probably he unavoidabie, but one needs to search
for rock systems at depths where the velocities are low cnoush that the
mirration can be tolerated. Of course, during Lhe construction and (illing
nf the repositery with waste material, seepage of water will be into the
underground openings. However once the repcsitory hat been backtilled,
groundwater will satu.ate the system and movement will aernin accur under the
prevailing hydraulic pgradients. There is no practical way to prevent this
pnenomenon., The problem therefore bececomes one of selecting & repository
site in terms of two key factors: (a) Adirection of groundwaler movement, and
(b) veleceity of groundwater movement. & third factor, the quantity of water
needed Lo carry radionucliues away from the repository, involves dilution and
the sorption phenomena of the transported species. This will be discussed
below in connection with the geochemistry of migration of radionuclides in
groundwater syvstems.

The direction of groundwater umovement varies both laterally and witin
depth throughout a groundwater basin. Water moves from the surface into
underground layers in zones of recharge, which are the topographically higher
elevations within the drainage basin. The direction of movement is essen-
tially downward, ana the depth of vertical penetration into the subsurface
depends on many factors. Eventually the movement becomes more or less
horizontal until a zone of discharge is reached. 1In a discharge area the
flow lines may turn upward until the water is discharged at the surface. The
distance between the point of recharge and the point of discharge can range
widely, up to many tens of kilometers.

Figure 3 illustrates this concept using some simplified situations where
the water-table configuration controls the location of recharge and discharge
zones for water moving through a homogereous isotropic media (Freeze and
Witherspoon, 1967). Since the water table is often roughly parallel to the
surface topography, we see how recharge and discharge zones differ in size
depending on their position and the degree of topographic expression.

Another controlling factor is the degree of vertical inhomogeneity
which would have an effect when the rocks are stratified into a sequence of
layers of wiaely differing permeability. The more permeable layers will act
as major channels for flow, and therefore, their areal extent within a basin
also contributes to the location of recharge and discharge zones.
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Since the lengths of flow paths can vary considerably, it is important to
understand the hydrogeology of a given basin in considerable detail in order
to identify the complete flow field. Presumably, the optimum location for a
waste repository will be in a recharge zone where the flowpath to the biosphere
will be as long 's possible. However, as recharge and discharge zones may
change in the snort term, one should look for deep geologic structures that
favor long flowpaths, as these arn not likely to be affected by changes in
climate or topography. A very careful analysis of recharge-~discharge relation-
ships within the potential field will be needed in choosing this optimum
1ncation. The technology required for gathering the necessary field measure-
ments of hydraulic potential to make this choice is available, and the tech-
nical prcblem at present is to adapt available methods and equipment to work
at depths of several kilometers in fractured rock systems that are nearly
impermeable.

Thermal Convection

An additional complication may be created by the temperature rise in the
rocks surrounding the waste repository. The temperature increase is caused
by the energy output of the waste, and its magnitude depends, among other
things, on the age of the waste., An energy output of 5 kW per canister is the
highest value that has been considered for waste material, and this decays
rapidly to about 1 kW after some ten years.

Experience with geothermal systems (Donaldson, 1968) suggests that in
Fractured rocks of very small aperture, the Rayleigh number is so large thati
 local heat source is unlikely to cause natural circulatory convection. To
establish throughflow due to a buoyancy unbalance requires recharge from the
surrounding rock mass that is filled with cold groundwater. If the repository
is placed in a system of nearly impermeable rock then the resistance to
groundwater flow will mean that the low velocities of the regional system
will control overall fluid movement. Vertical throughflow will therefore be
restricted by the magnitude of available inflows from the regional system.

Groundwater Velogity

The second key factor, that of determining the velocity of groundwater
flow, is a much more complex problem., The basic flow equation can be expressed
in simplified form by

v = K 8h/¢ 9)
where:
v = effective velocity, [m.sec]
K = hydraulic conductivity, [m.sec]
4h = hydraulic gradient, [m.w=1]

¢ = porosity.



The problem of applying this equation Lo a specilic groundwater system
is that K can vary over a considerable range fr-m rz2int tc -<int. [-r example,
in passing from the surface to depths of thousands of meters, values of
hydraulic conductivity can range over ten orders of magnitude. For underground
waste storage, one obviously wants to use a rock mass with a very low value
for the hydraulic conductivity. Thus, salt has been considered to be tre

most satisfactory rock because of its very low in*trinsic permeabi.ity.

In the case of argillaceous and crystalline rocks, the hydraulic conduc-
tivity of the undisturhed matrix can also be very low. Ffor example, shale
caprocks over underground gas storage projecls are routinesly cored, and the
measured hydraulic conductivities of the matrix are of the order of 1 < 10-13
to 1 x 10~ 14 m.sec-1.# Essentially the same low magnitude permeabilities have
been reported by Marine (1974) for claystones at the Savannah River Plant and
by Brace (1977) for the Westerly granite.

It is a simple matter to show fl.at rocks with hydraulic conductivities
of this low magnitude provide effective barriers to migration. If we consider
a hydraulic conductivity of 1 x 10-13 m.sec~! and assume a hydraulic gradient
of 0.001 m.m~', which is a reasonable value, and a porositv of one percent,
then equation (1) yields:

(1 : 10-13)(0.001) 1 »
v = “‘——‘————0'01 =1 <10 m.sec
This is equivalent to 3 x 10~10 kilometers per year, which is of no con-
sequence even over time periods in the millions of years. Movement by diffu-
sion would lead to even lower velocities.

In attempting to site an underground waste repository in such rocks,
however, it is very likely that one will not be able to avoid discontinuities
of some kind. Major features such as faults and shear zones can, of course,
be avoided through careful geologic mapping, but minor fractures such as
joints and fissures are pervasive features., This is especially true for
crystalline rocks such as basalt and granite. It should b2 kept in mind,
however, that our cumulative experience is derived from underground workings
excavated without regard for the specific purpose of locating a nearly imper-
meable rock mass well below the earth's surface. The need for such a special
rock condition has only arisen because of the underground radioactive

waste problem.

Where fractures exist as discontinuities in an essentially impermeaocle
rock matrix, the overall permeability will be determined by the properties of
the fracture network. This can be demonstrated by considering the movement

% A hydraulic conductivity of 1 x 10=13 m,sec~! converts to a permeability of
1.035 x 10=° Darcys if water is flowing at ambient conditions.



of water through a single fracture., For laminar flow between parallel plates,
it can be shown that hydraulic conductivity may be expressed by:

beng (10)
K=+
where:
b = fracture aperture, [m]
p = density of water, (kg.m~3]
g = acceleration of gravity, [m.sec'2]
and
u = viscosity of water, {kg.m sec]

Table 2 illustrates the velocities and nydraulic conductivities that
result from equations (9) and (10), using a range of apertures and assuming
water at ambient conditions under a hydraulic gradient of 0,001 o.mt. By
comparing these results with those cited above for an intact rock, it is
apparent that water velocities in fractures will easily dominate those in the
rock matrix, even when apertures are as small as 0.1 micron. It should be
noted that Hadley (1976) has msasured microcracks in intact Westerly granite
that range in aperture from 0.91 to 10.0 microns and in length from 0.075 to
250 microns. The discontinuous nature of theze microcracks explains why the
measured hydraulic corductivity of the Westerly granite at 50 mPa is only
6 x 10~13 m/sec (Brace, 1977).

Table 2. Hydraulic conductivity and velocity for
water flowing through a single fracture

Aperture Hydraulic Effective velocity, v
b Conductivity, X
microns m.sec™ m.sec™! km,year=1
0.1 8.2 x 109 8.2 x 10-12 2.6 x 10~7
1.0 8.2 x 10-7 8.2 x 10-10 2.6 x 10=5
10.0 8.2 x 1075 8.2 x 10~ 2.6 x 10-3

Although equation (10) was derived for parallel plates that are not in
contact, Iwai (1976) has shown that equation (10) also holds for man-made
fractures in basalt, granite, and marble under normal stresses ranging from 0
to 20 MPa, It is important to note that, at the maximum applied stress, the
fractures could not be completely closed. Measured flow rates at maximum
stress indicated that the effective aperture could not be reduced below about
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15 microns, This i1 probably due to imperfect matching of cupposing fracture
surfacea. As fracture aperture decreases witn Increasing normal atress, hydrau-
lie conduetivity of fra-tured rock will generally decrease with depth below the

aurface,

Clearly, the optimum situation is a mansive body of denae rock with a
minimum of fracturea subjected to near-iithostatic compressive streas. Tt is
necensary to know how low the hydraulic conductivity of an undisturbed
f'racture can beeome as stressn inereases. One can anticipate that the minimum
value will be approached asymptotically as atress inoreasen, (Witherspoon and
tiale), The atress level at which this value is first approached is Lherefore
an important desipn pzrameter.
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GROCHEMICAL CONSTDERATLONS

Scientists and engineera of several nations are actively considering
the problem of long-term iszolation of radioactive waste by deep burial
in low permeability rocka. For various hydrological recasona cited above,
the storage aite will most likely be localed beneath the water tLable. The
moal important aspeect thereafter will be adequate containment of the radio-
nuclides until such Lime ag they are rendered harm)cess Lhrough radiocactive
decay. Upper 1limits of grealer than five million years have been cited, bul
there 13 some question whether 1t will be possible to nrediet containment
over such long time apang (i‘redehoeft et al., 197Y8; Winogead, 1977). For the
purpose of discussion, a one-mlllion-yeiar containmeni. period is considered
a4 a target In this section.

Af'ter wastes are buried and pgroundwaler percolaten back inlo Lhe exca-
vated regiong, the radioactive wante will be subject Lo leaching and transport
by the groundwater to the bioaphere, Therce are four barriers to inhibit or
minimivze the leakape of radionucliden:

(13 an impervious and corrosion-resistant. contiainer,

(2) a waste product form highly reasisbant to leaching,
(3) a chemically sorbenl, impermeable hackfill, and

(1) a chemically sorbent. and low-permeability host pack,

Arguments in support of any one or all of these four barriers have
been advanced. However, a critical anaessment s needed Lo determine what
criteria will be needed to define the beat barriers for a ¢iven reposilory,
and whether or not all are required. The purposec of' this gection is Lo out-
line the prablems pertinent to cach barrier, and to determine what questions
must be answered in evaluating the suitability of a storage syatem for
long-term 1lso.iation of radionuclides From the biospherc.

Some of the questiona needing reaoclution, for example, are: What chemicatl
containment barriers should be emphasized? How many barrlers are needed? How
do we quantify th:ir effectiveness in retarding radionucllde transport? Does
the choiee of one barrier affect the behavior of other barriers? To what
extent do site-specific faztora influence our choice of barrier? To what
extent do waste pretreatnent options influence our cholce? Are we able to
verify experimentally within a reasonable length of time that the barriera
will be effective over a million years or more? # consideration regarding
the effectiveness of all barriers ls the ultimate concentration of the
radionuclide as it enters the blosphere and subaequent concentration to
toxic levels in the food chain. Careful examlnation of these questions is
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required, for a greoat deal ig involved both with regard Lo Lhe cost of a
storage repository and to the proper direction of research required to resolve
current uncertainties. In the following paragraphs, each barricr to mipration
will be considered and the potential problems ldentified.

Container lIntegrity

Container inteprity is the first line of defense against the release of
radionuclides. The durability of the countainer depends, in large measure, on
its ahility to resist corrcaion or radlation damage under the chemical condi-
tions found elther at its interlor or exterior surfacas.

Two supgestions have been made for the choice of contalner material,
emphasizing either materials exiremely resistant to chemiceal attack, such as
fuged alumina, corundum or other coramics; or those whinzh may he in chemjeis)
equilibrium with the nubsurface environmenl, suen as copper metal (Fyfe, 1977).

1n the case of corundum, we can assume Lhiat chemicil reaclions proceed
inwards from the exterior due Lo chemical attack by the groundwater. The
approximate isolation period of the waste can be calculated, assuming a given
dlssolution rate, Reaction presumably oecurs through diasolution and subse-
quent preeipitation of secondary clay minerals, such as kaolinite or montmoril-
linite. Laboratory studies have demonstraled that | hing ralea of
corundum are very slow under near neulral pH's and near-ambient temperatures,
on the order of 10-11 ku.m'z.scc‘l. A container of corundum 0.1 m thick
would take approximately 109 years to leach. However, intergranular altack,
radialtion damage, and higher temperaiures may appreciahly shorten conblilner
life.

The ability of copper Lo derve as an effective baprrier Lo ledching over a
long time period is less easily ascertained. Figurce § is an Bh-pH diagram of
the system Cu-S~C-Hy0O at 25°C and one atmosphere. Under certain conditions
of pH and Eh typical of some groundwakers, copper is stable. Changes in
groundwater composition may aflfect the stabllity of' the copper. Yor example,
the presence of ammonium or carbonate ions may asignificantly Lncrease copper
solubility, and hydrogen sulfide may alfter the copper to sulfide with prefe-
ential attack along grain boundaries.

Other substances may also serve a similar role in isolating radioactive
waste from the groundwater over long time spans, However, we have considered
only their resistance to corrosion by groundwater. Many questions remain
unanswered regarding their physical integrity, particularly the role of other
physical-chemical mechanisms of degradation, such as recrystallization, chem-
ical attack from interaction with the waste, or radiation damage. The pro-
blem of guaranteeing container integrity will require careful conslderation.
Specialized expertise and protracted research will be needed before there will
be adequate assurance that barrier containers will contain radiczctive waste
for up to 10° yeara. Not only do the mechanisms of container failure have
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to be identified, but quantitative predictions made on the basis of experi-
mental observations must remain valid for up to 109 yeara. This is extremely
diffirult where there are no historical records to provide guidance for long
range effects, other than the geological record.

Brief mention should be made of the physical integrity of the container.
Ceramics are far more prone to breakage than ductile materials such as copper.
Therefore, if ceramics are to be used, some means of preventing stress buildup
about the container due to ground movement must be incorporated in the overall
design of the repository. Otherwise premature release of the radionuclides
may occur.

Leaching Resistance of the Waste Product

The second Iine of defense involves minimizing the leachability of the
waste product., This approach is also attractive because ground movements are
unlikel- to enhance signiflcantly the leaching rate of the waste other than
through incremental increases in the exposed surface area caused by fracture
of the waste itself. The waste product can be designed to resist leaching
through minimization of surface area; such as through the preparation of
glass; or through crystallization of leach resistant phases, such as crystal-
line silicates., The idea of producing specifically tailored, highly insoluble
phases in which actinides or other radionuclides might substitute for major
components (e.g., sphene) has been considered (Smyth, Vidale, and Charles,

1977).

The waste to be stored can be any of a number of substances. Currently,
the most important are high-level wastes due to reprocessing such as borosili-
cate glass, super-calcine, and zeolites, and SURF (spent unreprocessed fuel).
The nature of the waste depends on the reactor fuel cycle used, whether or
not it has been processed to recover uranium and/or plutonium, and subsequent
treatment to produce a solid phase. Because of the current uncertainties
regarding reprocessing, the need to store SURF must be considered of prime
importance.

The most important question concerning the behavior of any waste product
is the rate at which radionuclides will ke leached and transported away in
the groundwater. The leaching mechanism will depend upon the chemical
reactions that proceed between the groundwater and the waste, and between
components within the waste. Figure 5 illustrates, conceptually, the vicinity
of the waste canister and the kind of reactions that could occur. Table 3
surmarizes the reactions and their possible significance.

With so many variables to consider; i.e., waste type and composition,
backfill material, host rock environment, groundwater composition, physical
configuration, time and temperature dependent factors, no simple answers are
currently available that will determine and quantify the rate-controlling

mechanisms.
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Table 3: Waste leaching mechanisms#*
A. WASTE SIGNIFICANCE
1. Recrystallization Probably small unless catalyzed by
Devitrification groundwater and the temperature is
high enough. Could increase or
decrease solubility.
2. Solid state diffusion May be important.
3. Radiation damage May increase solubility.
B. WASTE~"""""NFUWATER
1. Congruent dissolution Small - most waste materials are of
complex composition.
2. Incongruent dissolutien Very possible.

with buildup of leached
product layer.

3. Incongruent dissolution
with solid state diffusion
LR Precipitation of reactant

from the groundwater.

C. DISSOLVED NUCLIDE MIGRATION
1.

Diffusion in groundwater

2. Advection by groundwater

D.
1. Adsorption
2. Ion exchange (with solid
state diffusion)
3. Precipitation of discrete

phases

Possible.

Very possible.

ack
M,
J p——p 2 [g mol.o 2. sec™ ']
P Rrvnall M g mol.m ~.sec
J.=ctvop & g mol.m_z.sec-’]

-1
m,sec

L
R
<o

when v, < 108

REACTION OF DISSOLVED PRODUCTS WITH BACKFILL OR ROCKS

Probable, depending on nuclide.

Probable.

7

* Symbols used in equations are given on page 23.



Rock altered by dissowved reactive constituents of the waste.
{both radionuchdes and non-radioactive constituents)
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Figure 5: Schematic diagram illustrating a hypothetical
high~level waste product of cylindrical form,
emplaced in a storage well,
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C; = concentration of radicnuclide Mi [g mol.kg=~1)
i
D = diffusion coefficient of radionuclide
in solution (m2,sec~")
Jgr Jag = mass flow of radionuclide due
to ¢iffusion and advection,
respectively {g mol.m~2.sec™1]
vy = average velocity of the ground water [m.sec™']
X = position coordinate measured
perpendicular to the reference plane [m]
pp = density of ground water [kg.m‘3]
1 = porosity parameter {-]
& = porosity of rock fractures {-1

The leazhing rate for any given nuclide is a function of (a) the surface
leaching rate, (b) the diffusion of the nuclide away through the surrounding
water, water saturated backfill material, and/or product layer, (e) the rate of
radicactive decay, and (d)} transport from the site by groundwater migration
through the fractured rock by advective and/or convective processes., If ground-
water flow is less than 1 m.yr", then removal of the radiciauclide from the
waste will occur through a combination of diffusion and ground-water transport.
Diffusion may be accelerated if adsorption of the radionuclide occurs on adja-
cent vock mineral or grout surfaces. Stable isotepes of some elements may also
be present in the ground water in significant amounts (e g., strontium andg
cesium) thereby complicating the problem. Determination of the rate control-
ling step(s) in this complex system must be made if leaching rates over long
time spans are to be predicted.

It is not possible to place any limits on the rate of leaching of radio-
nuclides over long time periods because we do not yet know enough about the
kinetics of the various processes. Much of the current evidence supports low
leaching rates, and hence low ultimate rates of removal of the radionuclides
from the strrage site. If we assume tkat the solubility of any given radio-
nuclide is determined by some product phase resulting from the recrystalli-
zation of the wast:, and that the radionuclide diffuses into the surrounding
groundwater and is removed by advection, then we can set up a simple model to
predict the approximate leaching rate and time to transport a given radio-
nuclide away from the storage site.

Assuming that near-saturation of a radionuclide occurs rapidly in the
groundwater adjacent to the waste when compared to the movement of groundwater
through the storage site, then the rate at which the radionuclide is transported
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away from the site, the radionuclide mass flux, is a function of the satura-
tion concentration of the nuclide ard the groundwater movement through the site,
The duration of leaching will be a simple function of the groundwater flow,

the saturation concentration of the nuclide, the guantity initially present,

and the decay constant ol the radionuclide under question.

Thus, the mass of radionuclide, M;, leached in time, t, is:

2 .
’ [ = t !
MM (t), leached CHivz¢Arpl y {g mol] ()
where

Ap = cross sectional area of rock containing

water saturated with the racionuclide, [m?]
t = time since start of leaching. [yr]
vy = average velocity of groundwater [m.yr'1J

The amount of radionuclide that decays during time, t, is:

My (L), decayed = M, (ti[1 - e-ty, [g mol] (12)
i i
where
MM (t) = mass of radionuclide not leached
i from the waste, [g mol]
A = decay constant of the radionuclide present. [yr—1]

For simplicity, let us assume that leaching starts soon after storage.
Then at any time t,

MMi(t) = MMi(O) - MM.(t)’ leached ~ MMi(t), decayed

My, (3

[} -
= MM.(O) - CM.VE¢ArDEt - MM_(t)[1 - e
i i i
where
MM (0) = quantity of radionuclide initially present. [g mol]
i

When all the radionuclide has been leached and decayed,

¥, (0) - cy v ok o t = My (£)(1 ~ e My o g, )
1 i i

As an example, let us consider the leaching of Plutonium - 239 in SURF from

waste canisters that are 10 ft long and 12 inches in diameter. The quantity

of plutonium present is = 1 wt percent. Hence, the mass, My (0), 1s 22.2 kg.
i
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Figure 6: Eh~pH diagram at 25°C and one atmosphere showing the
stability fields of hydroxyl complexes of plutonium,
and plutonium oxide, PuO(S) (Apps et al., 1977),



The approximate concentration of plutonium irn solution, C; R
1
from inapection of an Eh-pH diagram a3 shown in Figure £ where the stability
fields of plutonium oxide and various hydrolyzed zpecies are given.hAgsuming
Puby iz the stable 3olid phase and that the oxidation state and pfi of the
ziroundwaters are 0-400 mV 5.H.E. and 6~8, respeotively, we can sce that tos
dominant hydrolyzed species in solution is PulGh)2+, that Pu ig in the III
state, and that the golubility of PuCy is between 10-1% und 10-18 g nol.kg=t.
This diagram ignores the presence of other, pocsibiy more stable, phases that
would tend to decrease the concentration of plutonium in soluticn, or complex-
ing that would tend to increase the concentraticn of plutonium in solution.

Thus, we have the following values:

can be eztimated

Ap = 10,
MM4(D) = 93,
1
c;' = 10712,
i
v, = 10-2,
A = 2.842 x 10-5,
[ = 0.0%,
0g = 103,

Equation 14 may be solved graphically as illustrated in Figure 7. Leach-
ing of plutonium would take place for 610,000 years.

The range of concentrations of nuclides in solution from leaching waste
can be expected to fall between 10~3 and 10~12 g mc»]..kgg‘1 of groundwater and
the average groundwater velocity through the site can be expected to fall be-
tween 10=2 to 10 m.yr'1. This leads to a total mass flux of between 5 x 10-!
and 5 x 10-1 g mol.m'z.yr'1. If a SURF waste cuanister were to contain 1 wt
percent of a very long-lived nucllide of uverage molecular weight (say 100),
complete leaching would occur in between 4,45 x 100 and 4.45 x 1014 years,

It is quite evident from these values, that the rate of decay of the radio-~
nuclide will largely control the duration of leaching if the mass flux is less

than 10-6 g mol.m'z.yr'

More refined models are needed to define the leaching rate during the
initial phases of leaching. In particular, the rate-controlling step must be
identified, and the expected maximum concentration attainable in solution.
This in turn will determine the mass flux of the radionuclide that could be

affected by subsequent barriers.
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plutonium from a waste container.
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Chemically Sorbent ibackfill

The third line of defense is a backfill material or grout which modifies
the chemical composition of the invading groundwatcr, reacts with and sorbs
leached radionuclides, and reduces still further the permeability of the local
storage area. Various backfill materials have been proposed, including cements,
clay, sulfides, and aerpentinite. All can act as chemical sorbenta upou wn
migrating radionuclides woulcd be fixed, hopefully decreasing the concentrati.n
in the groundwater to imperceptible levels., Deformable backfill materials such
as clays and serpentinite possess the advantage that they are not subject to
fracture under stress. These could be extruded into surrounding fractures
under hydraulic pressure, thus effecting an impervious seal where the reposi-
tory host rocks would be most subject to increased breakage from excavation-
induced stress. A deformable backfill material could alsoc rellieve directional
stress around a canister, thereby decreasing the possibility of rupture,

The design of a suitable backfill material first requires an understand-
ing of the role it is to play. If it is to be designed primarily to retard
radionuclide migration, the radionuclides requiring special attention must be
identified and their solubility and speciation in groundwater determined.

The backfill material should be then designed specifically to maximize sorptior
of the species in solution. This could be done by ensuring a lurge surface
area, many surface active sites, and special treatment to enhance adsorption.
The backfill may also be designed to be chemically stable with respect to the
canister material, or to react wiih water to provide an anhydrous environment.
Such backfill materials would prevent corrosion of the exterior of the canister,
but would be no defense against corrosion by the waste.

Host Roek as a Chemical Barrjer

The host rock presents the final barrier against the leakage of radio-
active waste to the biosphere. Radionuclides can migrate through the host
rock either by transport in, or by diffusion through the groundwater filling
the rock pores and lractures. Where there is pore or fracture continuity
groundwater will migrate if subject to a hydraulic gradient. During migra-
tion, a radionuclide species will be subjeect to chemical reactions with the
host rock minerals. Depending on the extent to which chemical reactions
proceed, radionuclide migration may be retarded with respect to the ground-
water flow.

Predicting the migration rate of radionuclides iu the groundwater
presents formidable difficulties because it is very difficult to perform
field tests to measure radionuclide mig-ation in low permeability rocks, and
it is difficult to simulate in situ conditions in the laboratory. Predictions
will depend largely upon the ability to extrapolate laboratory data to in situ
conditiona. The problems inherent in predicting radionuclide migration are
examined in greater detail in the following two sections. The first problem
is to define the chemical reactions that may occur between the radionuclide
and the host rock, and the relationship of these reactions to radionuclice
retardation with respect to the groundwater movement. The second is to
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define the influence that the host rock fabrie, i.e., fracture geometry,
effective porosity, and surface area have on the chemical reactions and ground-
water movement.

a. Chemical Reactions with Host Rocks

Let us first relate sorption chemistry of a radionuclide with ground-
water movement and the effect that sorption chemistry has on radioruclide
migration rates. Then we will be in a position to draw inferences regarding
the effect of gorption on migration, and the validity of using distribution
coefficient, or K4q measurements in the modeling of radionuclide migration,

Let us consider a unit cubic meter ¢Ff fractured rock through which
groundwater can transport radionuclides:

The mass of rock = p_(1 - ¢), [kg.m=3 rock]
The mass of fluid = p o, [kg.m=3 rock]
whera
Pgr Py densities of so0lid (rock) and liquid (water),
respectively, [kg.m=3]
and

¢ = porosity.
Following Giddings (1965), if R is the fraction of nuelide in solution at

equilibrium,

Mass in solution = MM R, {g mol.m~3 rock]
i

Mass sorbed = M, (1 - R). [g mol.m=3 rock]
i

The transported radionuclide reacts with the rock according to some unspeci-
fied chemical reaction. The reaction could involve adsorption, ion exchange,
precipitation or coprecipitation involving any of the solid phases or aqueous
species present. A generalized form of the reaction, valid for all mechanisms,

and normalized to one unit of specles M%, is as follows:

=1

(j # 1) (15)

+ v, M
3B 5,P

=

. oM
ViR 5,k

L

u[\
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At equilibrium,

K] 2 vj P
M1y 77 [Mj,P]
j=1
Ki = n , [-] (16)

v
L J.R
(M1 77 [Mj,R]
J =1

where [ ] derotes activity, v is the stolchiometric coefficient, and the sub-
scripts, R and P, denote reactants and products, respectively. Now,

[}
[Mi] = 0 Ty s (g mol.kg=1 1iquid1(17)
i 1
[Mi] = c; 1; , [g mol.kg~1 solid] (18)
i i
M, R = C; Pt . [g mol.m=3 rock]  (19)
i 1
M, (V- R) = c; o (1~ ¢), [g mol.m=3 rock] 20)
: 3
i i
[ 2B -1 s s -1 N 13 s
where CM is in g mol.kg~' liquid, CM is in g mol.kg~' solid, and Ty and Ty
i i i i

stoichiometric activity coefficients of the species Mi in the liquid and solid

phases, respectively.

Rearranging (19) and (20) and substituting in (16), we get:

n v
2 JsR
Kypg(1 = ohvy  TT [ 4]
(O ~R j=1
(R)

(-] (21)

v

n
s J,P
01¢YM1 77 [MJ’P]
ji=1

are
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By substituting (16) in (21), rearranging, and collecting terms, we get

3

CM ,
1 i {1 -4¢) Ps | -1 (22)
o~ = 1 + T A -
R CL ¢ Py

My

By defining a distribution coefficient, K4, as

cr (1 - 9)
My [n3.kg"1] (23)
Cl 0 - d’
Mi 2
equatinn (22) reduces to:
3 2 )
o= 1Ky ; [-] (2u)

It is commonly believed thut radionuclides are adsorbec¢ 2n the swi'faces
of minerals by a surface ion-exchange process. If this assumption .. true,
then the sorption reaction is a function of both the fracture surface arez ard
the pore surface area of the rock effectively in contact with the mobile gicuond-
water.

Let us modify equation (16) to take into account surface adsorption
processes.

£
3s A
My 1= 3 zg Ug,i%,i 1 ‘g mol.kg~! solid] (25)
a =1
where
A = the internal surface area of the rock,[m2.kg-11
N = Avogadro's number, [g mo1-1]
o . = surface site density of species i,
%1 on mineral a, (m=2]
u =z fraction of mineral, a, exposed. [ -1
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Substituting equation (25) into equation (22), we get:

W . g .
a,i @, i 2
|

£ H=td = (26)
C,, 4 [

A .
- U U A ‘m3 el
K, = N . [m3 kg~ 1] 27

Moving groundwater will transport a radionuclide mclecule only when it
is present in the aqueous phase., If the molecules of radionuclide in the
groundwater are in reversible equilibrium with those that are sorbed, then
they will migrate only for the fraction of time they are in the agueous phase
or will move at a fraction “R relative to the velocity of the grcundwater.
Therefore R is also equivalent to the relative migration rate of the radio-
nuclide compared with the groundwater. Hence eguations (24) and (26) relate
the migration rate of the radionuclide to groundwater with the distribution
coefficient, Ky.

The interesting conclusion which can be drawn here ig that, for a
given set of conditions, the migration rate of sorbed species with respect to
the solvent, depends only upon the distribution coefficient of that species
between the solid and the solvent at equilibrium. Unfortunately, the condi-
tions under which K4 values have been determined experimentally often differ
radically from those of the groundwater environment. Fost Ky measurements
have been made with soils using beaker or column tests. A comparison between
the laboratory test conditions and those conditions anticipated adjacent to a
subsurface storage repository is given in Table 4, topether with estimates of
the potential effect that these differences might have on K4 values.
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Factors influencing Ky lor a given radionucllde, based on a comparison

between conditions in a typilecal sofl column adsorption study and
conditions expected in a terminal storage repository

Principal effect

]
i
1]
i

1Soil column test
)
H

Subsurfaee terminal
storage facllity

{Potential effect
ton Ky

Parameter

1. Solution
Chemistry
a, Major

componentsiActivity coeffliclents

{Ionic strengilh

{Complexing
I3
1

components|Complexing

b. Minor
c. pH
d. Eh

{Complexing
{Chemical potentiaf

1

H
'
;
{Chemical potentlal
I
1
'
H

iVery variable.
iLomposition de-
itermined by con~
{0itions the test
113 Qealgned to
faimulate

¢

i

liame as above,

i2=-11, depending
lon the nature of
ithn Lent

'

'
i
t
i

|Determined by host rock
ichemiatry and by other
{factors including the
|leaching chemlstry of the
iwaste product.

|

!
isame as above.

16-8 buflering of hetero-
igencous an homogencous
tequilibria weep the pH
Irange within narrow
flimits,

tvariable, usuallyiVarlable, over a narrower

foxidizing, and

irange, usualily reducing

{dependent upon pii}

2. Radionuclide

{Supersaturation

concentration |Polymerization
and speciationjMetastable equili-

{brium

110-3 to 1079
ig mole.kg~1
1As lonic, poly~

imeric, and parti-

lculate faorms
'

\Uncertain, hut nrobably
\very low, depending on
{leaching characteristics
{of' waste producl form.
{Posalbly as low as 1079

!Ungredictable - Probably
110-3 to 10+3.

'
'
'
i

10-% to 10%5

tp to 1010 op even
imora.
|

i

\Difficult to esti-
imzte, but could be very
flarge for amphoteric
{speclen near Lhe iso-
felecLric point

'
i
| H Lo 10712 g mole.kg~Tprin-}(~108).
H | icipally as lonlc species.)

3. Flow rate tMetastable equili- 1~1075 Lo 10°2 1079 to 10-% iLower flow rates
ibrium. im.gee=] im,sec] lcould lead to differ-
i H { lent rate controlling
! ! i {transport mechanisms
i H ! i{e.g.. lonie or mole~
i ! l {cular diffusion or ad-
i i i ivection). Could also
! ! { {lead to different
i t | {thermodynamic controls
| l H J{ion exchange vs adsorp-
i ! : ition ( 0 to 108).

4, Permeabllity |[Flow rate (see above)!10-2 to 10 Durrys}]U_H Lo 10—‘ Darcya {Same as above.

5. Cauration {Radionuclide decay 1~105 sec. Up to 1013 sec. tNone considered at
iDaughter formation | H ithls time. See also
{Front reinforcement | 1 iFlow rate above.

6. Surface area |Adsorption iUp to -108 m2.m-31-10% m2.m-3 o104
! {Dispersed clays, |Fractures, microfractures|
H {humus, fine par- }intergranular pores
i jticulates, loess | !

7. Path length IDispersion {One meter 1103 - 105 m iNo anticlpated effect
! ! ! ton Ky

8. Temperature {Complexing 1250c 110 to 300°C lUp to 103
iSelubility 1 | {
{Adsorption | i i

After Apps et al., 1978.
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The moat serious problem connected wlith groundwater Lransport of radio-
nuclides will be the difficulty of predicling migration rates in the field
from dato obtained in the laboratory. Let us consider, for example, the effect
of variable adsorption and surface areas between lahoratory clay and repository
host roecks. The following ealeulationn assume that at saluration all cxposed
aurfaces adsorb one atom of a radianuclide specics for cvery 2,5 » 10-19 .

Mozt experimentally determined distribution cocffTicienta are for sotils,
nlayn, and sediments. Clays arce ansumed to pozssess readily cxchangeable siten
of up Lo 100 milli egquivalents. 100 g~V (Carrels and Chriat, 14965) or approxi-
mately 2.9 ~# 103 Pquivulﬁntq . m3. The apecific asurlacee area, A, of a clay
is possibly about 104 m’.m". A munolayer aktachment on Lthis surface would
yield 6.6 =« 10 iomol.m”?, which iz roughly in accord w11h measurements,  In
contrast, Lhe surface arcio of a rock in only 104 w? o 'y and Lhe adsorplive
capeeity of Lypieal rock-forming minerals may also be somewhat less Lhan clayn

or soils,

Typical conditionn for & honl rock envivonment iawd o Jsaboratory leaching
atudy are summarized in Table 4,

Table % Comparison of conditions found in & laboratory
sorption exporiment. and a repository host, rock

Parameter Unlt, Surption Fxperiment Ilu)L Hmll
! 1=~ i ) : 0.6 ProuLyy !
! ng Vo Lky w3 ! 1 x 103 e 1w 103 !
] Ny Vo Lke w3 d an e 10l by ot !
i 3 i 1 H )
d 21 Ya,{%,{ bomm?) ! it o« 1018 Gk 1t
Vo i i ; i
i b i . i 0.4 e 0008 !
oA { (m?.m=3] : 108 by ool o
| N ! g mo1-t Y602 x 1023 b= 6,02 x 1023

Using equation 27, the following relation can be derived:

[
l

L

1-19 .

2 e q° ° - log C *
. a a ¥
P i a,i P ,

z|=

log Kd = log

This equation is plotted graphically in Figure 8 for two surface areas, and
differin percentape site occupancies. One is typically representative of a
goil (A 108 ),and the other of a rock (A4 = 109).
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The experimentally determined K4 values range from 10-3 to 102 m3.kg~!
3

(1 to 10° ml.g"’). For a given site oceupancy, and a given CM » the "rock K4"
i

appears to bhe 10" times smaller than for soils. Thus, rocks would be much

less effective than @nils for rstarding radicnuclide movement ty means of
natural sorption mechanisms. However, more must be learned abcut the effective
surface areas of rocks in their natural state.

Furthermore, we know little of the effect of long times on the sorption
mechanism, a factor not easily studied through laboratory procedures. Some
nuclides may remain permanentl]y adsurbed: others may diffuse into the mineral
lattice, or repreclipitate as discrete phases, thereby reducing the total equi-
Iibrium concentration in solution. The possibility that this way ccour cannot
be ignored if time spans of up to 10P yzars are to be considerec.

b. Host Rock Geometry

It is assumed that the host rock for a terminal storage repository will
be relatively impermeable. The matrix permeability of many hard rocks is so
low that nc significant groundwater movement can occur through the matrix
(Apps et al., 1977). However, hard rocks may have sigrificant permeability,
due to ubiquitious fractures. Groundwater movemert in these rocks therefore
depends mainly uporn fracture permeability and not, except in highly permeable
sandstones, upon the matrix permeability.

The above postulate is supported indirectly by chemical evidence in the
field. In low permeability rocks, alteration by migrating groundwater at low
temperatures (< 100°C) usually occurs only along fracture surfaces, extending
only a small distances into the adjacent rock. Alteration zones surrounding
fractures generally range from less than a millimeter to a centimeter. It is
presumed that this alteration takes place over time spans greater than those
contemplated for the storage of radiocactive waste, although useful infeormation
on this matter is hard to find in the literature.

Figure 9 illustrates schematically the groundwater environment typically
expected. Fracture flow is assumed with concurrent diffusion of dissolved
radionuclide species into the pores of the rocks. Some fractures oriented irn
the general direction of flow, and with sufficient continuity and width, will
act as conduits for the groundwater flow, Others which are dead~ended or
perpendicular to the hydraulic gradient will not contain any flowing water.

4lthough many rocks contain randomly oriented fractures, let us consider
the effect of the oriented fracture, or joint geometry and effective porosity
on surface area of a host rock. Assume n joint sets. Joints in each set are
separated £ meters apart. The average fracture width of the joints in the
set is w meters. Therefore the surface area exposed by the joints,



Porosity in contact with
continuous fractures, ¢eff

Fracture width, w

Effective depth of
penetration by diffusion, a

Grain size, b

XBL 786- 1896

Figure 9: Schematic diagram to illustrate the host rock geometry.
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A, = 2¢ %— , In2.5-3 rock) (28)

where Ly is a surface roughness factor which ranges typically from 1 to 10,
The fracture volume is

n
vV, = “ , [m3.w3 rock] (29)
o3

1=

Each joint has associated with it a rock matrix of thickness, a, accessible by
the fracture fluids, The rock matrix is made up of cubic grains of size s, and
the porosity of the rock matrix adjacent to the fractures is ¢erp. Assuming

2 >> a; then the pore volume of the rock connected to the fracture volume is

“;

n
Vp = 2ad off z L [m3.m~3 rock] (30)

and the surface area of the pores connected to the fracture volume is

- 12a 2 =3
Ap = 5 :i [m€.m=3 rock] (31

where L, is a combined roughness/shape factor. The total fluid volume in
fractures and adjacent pores is:

n
W,
i 1 -

v o= Z l—l + 2a6 .. Z T’ [m3.m=3 rock] (32)

and the total effective surface area is:

n
12a
= 2 =3
A 2, + z [m2.u-31 (33)

The simple equations developed above will be used in the following
subsection where the effect of rock geometry on radionuclide migration is

described.
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c. Effect of Chemical Sorption and Kost Rock Geometry on Radionuclide
Migration

Radionuclides can migrate away from the repository as dissolved, charged,
or uncharged ions or molecules; as colloids; or as particulates. All specles
can be transported in the moving groundwater, but the ability of colloids or
suspended particulates to diffuse into the pores of the rock is progressively
restricted with increasing size. Thus, we can consider two limiting cases:
the species that diffuse, such as molecules or ions, whose diffusion coeffi-
cients are about 109 mZ.sec-!, and those that do not, such as suspended parti-
culates with diffusion coefficients less than 10-12 m2.sec~!, The transported
species can also be adsorbed by the mineral surfaces exposed to the ground-
water. We can consider two limiting cases: no adsorption (Ky = 0) or complete
adsorption as a monolayer (Ky = =). There are thus four limiting cases to
consider, These cases and their characteristies with regard to radionuclide
migration are summarized in Table 6.

Table 6: Radionuclide migration in fractured rocks

Species No adsorption (Kg = 0) Complete adsorption (K4 = =)

Type

Ionic or A1 Species can diffuse into rock A2 Species diffuse into the

Molecular pores, Therefore diffusional rock pores and are adsorbed
mixing occurs with the pore water on all surfaces connected to
and migration of the species is fracture conduits

retarded in approximate propor-
tion to the total connected water
mass versus the mobile water mass
in fracture conduits.

Suspended B1 Species are transported with B2 Species are adsorbed
Parti- the groundwater. No diffusion only on the surfaces of
culate into rock pores occurs. fracture conduits,

To illustrate the capacity of the host rock to adsorb radionuclides under
these different conditions, let us consider a hypothetical storage repository
which is leaking radionuclides into the groundwater. The repository is
assumed to have the size and geometry indicated in Figure 10. This repository
could contain 10,000 canisters of SURF spaced at 10-meter intervals. Because
approximately 30 tons of SURF, approximately 14 canisters, would require stor-
age for every 1000 MWe.yr of power, such a repository would serve the needs of
one hundred 1000 MWe LWR plants for nearly 30 years. It is assumed that suit-
able hydroiogical criteria have been met, groundwater movement will be hori-
zontal, and the radicnuclides will be swept through a cross section of rock
approximately 0.1 x 2,0 km or 2 x 105 m2. The rock is fractured in three
directions - two of the fracture sets are parallel and the third is perpendi~
cular to the direction of groundwater flow.
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'

0.1 km. /‘
m
|<\ 2 km \-»I /2

'

LBX786-1895

Figure 10: Geometry of a hypothetical storage faellity.
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Further, let us assume the following rock physical properti=s:

£y, Ep = 1

vy = 0.01

a = 0.01

2 = 0.1

n = 0.1

s = 0,001

w = 1075

berp = 0.001

Then, in a 1 km3 slab:

Ay = 6 x 1010, (m2,km~3]
Area of fracture conduits = 4 x 1010, [m2.km~3]
Area of other fractures = 2 x 1010, [m2.km~3]
Vi =3 x 105, (m3.kn3]
Volume flowing = 2 x 105, [m3 km—3]1
Volume static = 1 x 109, (m3 km-3)
Ap = 3.6 x 1012, {m2 km=3)
Vp = 6 x 105, (m3 km=3]
A = 3.66 x 1012, fm2 km-3)
vV =9 x 105 [o3 km~3]

Dsing the values above, we can determine the approximate distances radio-
nuclide species will travel after one million years if it is assumed that they
leach at a constant rate from the waste and the mass flux is known. Further-
more, it is assumed that radionuclides are adsorbed with one molecule for every
2.5 x 10~19 n? of exposed rock, and no account is taken of radioactive decay.
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Case A1: Ionic or molecular transport with no adsorption

The total volume of flowing groundwater iz 2 x 105 m3.km'3, whereas
the static volume of groundwater in fractures and pores is 7 x 105 m3.km 3.
The retardation due to mclecular diffusion is

9 x 105
——— - 4.5

2 x 105

If the groundwater travels 10 km in 106 years, the radionuclides will have
traveled ~2.2 km.

Case A2: IJonic or molecular transport with adsorption

The internal surface of the rock is 3.66 x 1012 m2.km~3. Therefore the
rock can adsorb on the surface 2.43 x 107 g mol of radionuclide.km~3 rock.
The volume of rock saturated after 10° years, the distance away from the
sterage site that radionuclides will have saturated the rock, and the total
mads of radionuclide transported for a given corcentration of radionuclige,
are given in Table 7 as a function of varying radionuclide mass fluxes,

Table 7: Distances adsorbing ionic or molecular radionuclide
species travel after 10° years

Radionuclide Radionuclide

Mass Flux Concentration Distance

leaving leaving Volume Radionuclide Mass

repository reposltory Saturated Travels Transported
(g mol.m=2.yr=1) (g mol.kg=1)  (km3 rock) (km) (g mol)

2 x 10-6 10-3 1.65 x 10-2 8.25 x 10-2 4 x 105

2 x 109 10-6 1.65 x 10-5 £.25 x 105 4 x 102

2 x 10-12 10-9 1,65 x 108 8.25 x 10-8 4« 101

2 x 1015 10-12 1,65 x 10-11 8.25 x 10-11 4 x 10-4
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Case B1: Suspended particulate transport with no adsorption

Suspended particulates will migrate with the groundwater. Therefore the
distance traveled after 10° years is 10 km.

Case B2: Suspended particulate transport with adsorption

The surface area of rock fractures exposed to flowing groundwater is
4 x 1010 p2 ¥m=3. 1If the surface adsorption density is the same as for ionic
or molecular species, then the distance away from the site that suspended par-
ticulates will have saturated the rock for given mass fiuxee leaving the stor-
age facility is given in Tatle 8.

Table 8: Distances adsorbing suspended particulate
radionuclides travel after 10° years

Radionuclide Radionuclide
Mass Flux Concentration Distance
leaving leaving Volume Radionueclide Mass
repositorv repository Saturated Travels Transported
(g mol.m™ ,yr‘l) (g mol.kg~1) (km3 rock) (km) (g mol)
2 x 1076 10-3 1.51 x 100 7.53 x 100 4 x 105
2 x 10-% 10-6 1.51 x 10~3 7.53 x 10-3 4 x 102
2 x 10-12 10-9 1.51 = 10~6 7.53 x 10-6 4 % 10~1
2 x 10-15 10-12 1.51 x 10~9 7.53 x 10-9 y x 10~4

The above analysis does not consider intermediate cases. It is evident
that partial adsorption will result in radionuclide migration intermediate
between the extreme values cited. Furthermore, the analysis also ignores
the effect of radiocactive decay, which over the time span being considered,
would have a significant impact on the distances individual nuclides would
travel because of changing chemistry and the formation of nontoxic daughters
(Burkholder et al., 1976).

Given the large number of variables needed to deseribe a rock, it is
not easy to define criteria necessary for a host rock to be acceptable for a
storage repository. Clearly, the adsorptive capacity of the rock is of major
importance. This will be determined partly by the specific surface area of
the rock, partly by the minerals exposed at the surface, and partly by the
chemistry of both the groundwater and the transported nuclide, i.e., a high
dispersion coefficient, or K5 value.
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The radionuclide mass flux from the repository is another important
parameter affecting the distance radionuclides travel and the total amount

leached., Recalling that

[¢, mol.m™?.yr=1]

1}
ag = CM1V1°1”'

and because,

pyb = 1, [kg.w~3]
if
v = 0.01 to 10, [m.yr=1]
2
then
p.o1ct < g < 10ct . lg mod.m=2.yr=1]  (3W)
Mi ad Ml

In the example niven above, 2 is low (0.0002), buil it is clear thal if Ju4
were less than 10-% g mol.m™ r-) and the nuclide had a large distribu—
tion coefficient, a very satiqfantory control over radionuclide migration would

he established.

Perhaps the biggest problem will be the difficulty of characterizing a
rock mass of sufficient size to encompass the distances groundwaters could
travel away from the repository in 10° years. Volumes of many cubic kilo-
meters would have to be sufficlently well surveyed Lhat no significant conduit
would remain unidentified. This could prove to be impossible without riddling
the rock with test holes. Thus, although the host rock may prove to be a
very effective barrier to nuclide migration, it will be difficult to prove
this in practice.

Lonclusjons

Table 9 summarizes in tabular form the eritical questions, problem areas
and research needs in order to determine the impact of the various barriers on
waste storage syster integrity. It is obvious at this stage, that a multiple
barrier approach will be essential, but that the roles of each barrier need to

be more clearly defined.



Table S:

Status of Barrier Inteprity

| Barrier l Critical Questions f Problem Areas

, Research ] Impact on Waste Storage Systen

{Canister 1. How lomg can a container of a
lgiven material contain high level
|waste before failure? [regard to ground water envi-
2. What assurance is there that |ronment and waste.
|experiments to determine container |

{integrity give information that 2. Radiation damage

fbe extrapolated to 106 vears? [{enhanced solubility)

[3. Will Internal or external cor- |

'roslon destroy the concainer? JS. Fracture due to stress

il. Corrosion (pitting, gal~

|vanic stress, etc.) both with|

{t. Failure analyvsis zodel |Guaranteed cortainer integrity for

j10% ¥rs would eliminate the need

2. Potentiostatic and pas- {for addirional barriers. An order

|sivation studies. jof magnirude astimate of between 1

! 1102 ~ 108 vears would have an

{3. Chemical compatibilicy {iuportant bearing on the choice of
|secondary barriers and limit the i
|number of radionuclide specles of |
tConcern.

{4. Iocpact of radlation
Idamage.

{Waste {1. How do various waste products

|Product |leach aver a long period of time? |tion, chemical attack by

|Leaching {2. Are leaching rates acceptable gi-|ground waters, radiation da-

JCharac- |ven waste storage condition and cha=-|mage, diffusion of radio-

|teristlcs|[racteristics of secondary barriers? [clides in the solid state.
13. Do lonic specles alone laach or |2, The leaching rates of

| lare colloilds and particulates in=- lvarious radionuclides

i fvolved? ]3. The roles of dissolution,

l ,b. What countrols the leaching rate? ,diffusion and advection.-

}1. The effest of devicrifica-

‘1, Determination of leaching
Irates of ..e various wastes.
2. Development of medels to

linterpret the leaching nis-
{tory over long Lije periods.

Y1f leaching rates car be decreased
Ito levels such that the amount
llaached before decay is wminimal, or
fthat the rate is so low thacr concen-!
‘rration in the ground water is below!
Ttexic levels, then orher barriers !
{would not be necessary. Knowledge |
vof leaching rates is critical te tne.
choice of site and host Tock.

3.

|
!
1
{r

‘
)

{Grout or |l. What materials are bes® suitad 11. Chemical interaction be-
|Backfill {for retarding the leakage of [tween the grout and the waste
1} Jradionuclides?

2. To what extent will the grout 2. Physical properties
taffect permeability anid hence grounéjf{plasricity,

density,
{warer flow in tha vicinicty of the

Ibility, surface area)
{waste? |

|3« Will heat change the chemical and|3. Chewmical properties
|physical propertlies of the grout [({sorption, ion exchange,
Jover time? loxidation state, pH, etc.)
|4+ What thickness is required?

{5« Can backfill material protect the!

|container from corrosion?

permea

!

l J

f1. Cheice of suitable grout, [Suitable grout cou’d reduze permea-
;based upon service ir should 'diliry in the waste syorage area te |
'perferz. 'very low values, thereby retarding

{2. Characterizazi

ical and

“leaching of the radiocactive waste.
It could suppori the excavated

ity, preventing furcher fract
nz due to stress relief. The ch

‘cav

i ‘ical reactivity of the grout te

) . auclides could lower still fur-|

: ‘trer the release of radionuclides teo

! sround water migratiom. It could

' ‘act as a means of providin: a hydro-
‘sta eld around canfsters!

' ‘the reducing the possibility of '

{ icanister rupture.

jnuclides at the low concentrations |with respect o host rocks.
laxpected from the leaching of waste.)

2. D¢ laboratory Ky measurements 1Z. Characterizazion of the
lapply to the host rock envir -went? |traasporced species.
[3. Are colloids or particuls 13. Identification of sorption’

Isignificant? {mechanisns.

]4. Are there time-dependent factors |4. Reck phyvs.cal
lduring leacbing that would affect land how they =rcou
Ithe Ry values needed to predict |measured.

|the sorption behavior over 10 15+ Extrapolation of labora-
|years? {data te the field,

{5+ How are the sorptive properties |

[of rocks best determined? f

|
|
|
|
|
|
)
!
!
|
[
}Host Rock]l. Will host rocks sorb radio- 1. Rg's of radionuclides
1
!
|
{
|
!
|
|
!
1
{
!
'
|

host is the last

rock
barriers

ense if all other
t is also the most site-spac
in two rocks are the same.
de nxte "lan needs to be e
ii

mechanisms at

2. Measurezent of

surface s
'arua, A

perzeabilit

porasity,

fracture 5ec:e::7, 2L the host roc

13+ Development of models to aluated in terms of its ¢
'relate laboratery Deasure- fand phvsical properties before de-
‘mants with field conditions. !velop2 at. Chemi:al limitarions

(4
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SUMMARY AND CONCLUSIONS

A satisfactory underground repository for nuclear wastes must ensure
that these wastes are isolated safely from the biosphere for a period of time
sufficient to ensure that their radicactivity has diminished to harmless
levels.

The geomechanical stability of a suitable repesitory site depends in
general on the absence of major geclogical perturbations, such as earthquake
faults and volcanism, and, specifically, on a state of stress condusive to
stability. A conservatlve interpretation of exlsting evidence suggests that
the value of the maximum principal stress should not exceed 25 MPa and that
the value of the minimum principal stress should be no less than two-thirds
of this. A lithostatic state of stress at a depth of a kilometer would
constitute a near ideal condition.

However, the determination of the state of stress at depth in rock is
difficult and uncertain. Improved technology is required.

The excavation of the repository is not likely to pose undue problems
but the question of sealing exploration boreholes, shafts and tunnels to a
degree commensurate with that of the rock mass is problematical.

The most likely means by which radiocactive materials from the waste
could reach the biosphere is through transport by groundwater. The movement
of groundwater through argillaceous and crystalline rock masses occurs along
Joints and fractures, pervading them. Given joints and fractures of suffi-
ciently low hydraulic conductivity, small hydraulic gradients and long flow
paths, the time taken for water from a repository to reach the biosphere may
be of the order of a million years. This is regarded as a sufficient period
of time for iIsolation.

The hydraulic conductivity of fractures in rock under stress is nct
understood well, and there are unresolved difficulties in measuring low
conductivity in the field.

The release of radiocactive materials to the biosphere is retarded by
the rate of leaching of the waste by the groundwater, dilution, and sorption
in the rock mass.

The mass of a radlonuclide decreases by about nine orders of magnitude
over a period of thirty half lives, If the product of the ccncentration of
a radionuclide in the groundwater and the total amount of groundwater contami-
nated with this radionuclide is small over such a period, the duration of
leaching is controlled by radioactive decay. This is an important ~riterion
for the design and selection of waste forms.
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Suspended particulate material from the waste may be transported with
the groundwater and ionic or molecular transport in the absence of adsorption

is retarded only by dilution. If it is

necessary to retard the transport of

such radionuclides, appropriate barriers will have to be engineered in the

repository.

The effects of adsorption on suspended particulate and ionic or molecular

transport may be of major advantage.

To realize this potential advantage

large surface areas of rock must be in contact with the groundwater transport-

ing the radionuclides. For wide ranges
a repository, from 103 to 10~12 (g mo!
radionuclides may move during a million
the case of suspended particulates with

In conclusion, the results of this

of radionuclide concentrations leaving

.kg'1), Lue distances over which the

years can be insignificant except in
concentrations of 10-3 or more.

appraisal suggest that argillaceous

and crystalline rocks may provide suitable sites for nuclear waste repositories.
The most important factor affecting their suitability appears o be the flux

of groundwater through the repository.

Although intrniv:  fracturing would be

advantageous in retarding migration of hazardous materials from a repository
in these rocks by sorption, the hydraulic conductivities of these fractures
would have to be very small and the hydraulic gradient low.
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