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It is instructive to try to estimate the dose of tris-
BP that a child might absorb and to compare it
with the dose of dibromochloropropane (the car-
cinogenic impurity in tris-BP) that was used in
the carcinogenicity experiments (20) in rats. A
cumulative dose of about 1600 mg of dibromo
chloropropane resulted in gastric squamous car-
cinomas in 85 percent of the rats and mammary
adenocarcinomas in 50 percent of the female
rats. (Ethylene dibromide is a carcinogen of
roughly similar potency.) We think that a cu-
mulative dose of about 1600 mg is likely to be
absorbed by a child during the course of a child-
hood wearing polyester pajamas treated with
tris-BP. [We estimate about 4000 mg of surface
tris-BP in a 150 g (new pair) of pajamas with a
surface area of 8000 cm?: 500 ug/cm? of surface
tris-BP. Absorption of nonpolar chemicals
through the skin at appreciable rates appears to
be the rule. In a study of 11 nonpolar chemicals
applied to human skin (at 4 pg/cm?), Feldman
and Maibach (/9) have shown the total absorp-
tion was from 1.5 to 50 percent with a mean rate
of about 0.25 percent per hour. If 1 ug of tris-BP
was absorbed per night from each square cen-
timeter of skin then 1600 mg could be absorbed
in about half a year and even if the rate was only
10 percent of this, that dose could be absorbed
in § years. One would expect a decrease in the
level of surface tris-BP as the pajamas were
repeatedly washed, until a new pair was substi-
tuted. Thus, one does not know exactly what
level of tris-BP is available for absorption
through the skin and at what rate it is absorbed.
To get the same effect of a chemical in a rat and
a child, however, it is estimated that the child
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should receive a 20-fold higher dose [D. G.
Hoel, D. Gaylor, R. L. Kirschstein, U.
Saffiotti, M. A. Schneiderman, J. Toxicol. Envi-
ron. Health 1, 133 (1975)]. However, tris-BP is a
considerably stronger mutagen in our test than
dibromochloropropane (about tenfold). [From
our previous work on mutagenicity it appears
extremely likely that tris-BP is a carcinogen.
Although there is a rough correlation between
mutagenic and carcinogenic potency (24), we do
not have enough expenence to attempt to pre-
dict a carcinogenic potency for tris-BP.] All
these calculations are based on an amount of
dibromochloropropane sufficient to produce can-
cer in almost all of the rats. If our assumptions
are correct, even 1 percent of that dose of tris-
BP could lead to an unacceptable incidence of
cancer, in view of the millions of children at
risk. A study (/6) attempting to find the tris-BP
metabolite dibromopropanol (or its conjugates)
in human urine from two volunteers wearing
pajamas treated with tris-BP was negative. How-
ever, in view of the risk we are discussing, the
analytical method was insensitive (less than 0.2
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is a consensus that radio-

logically hazardous wastes from the nu-
clear fuel cycle should be separated from
the biosphere to a sufficient degree and
for a long enough time so that they pre-
sent no significant risk to life. But this
consensus does not extend to the defini-
tions of ‘‘sufficient,”” ‘‘long enough,”’
“‘significant risk.”” Our ability to predict
material or geological stability over the
containment times required for long-
lived components has been questioned
(2—4). Moreover, the impossibility of pre-
dicting socially relevant factors over
such relatively short periods as a few
hundred years precludes accurate estima-
tion of either the probability of an acci-
dental or deliberate breach of con-
tainment or the effects of such a breach
on society (5).

The author is a Research Specialist at the Institute
of Governmental Studies, University of California,
Berkeley 94720,
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Recent attempts to organize technical
options for management and disposal of
nuclear wastes (6, 7) have been con-
strained by a number of factors. The
lack of attention received by the ‘‘back-
end”’ of the fuel cycle (8) resulted in
periods when waste management re-
search and development were neglected
(9). Utilities have had no incentive to
absorb waste management costs (/0). In-
creased public concern over waste dis-
posal brought pressures on the govern-
ment to resolve the issue quickly, which,
in turn, tended to restrict consideration
to those few methods whose techniques
and performance had been relatively
well studied (//, 12). Thus, while cri-
teria, regulations, and techniques for the
handling and transportation of wastes
after their production have been based
on established health and safety stan-
dards (/3, 14), solutions for long-term
waste management have largely focused
on the selection and promotion of an
available method or technology (15).

In the absence of coherent goals or
comprehensive regulatory standards,
suggested methods of waste manage-
ment are usually divided into three cate-
gories: (i) short-term storage, (ii) long-
term storage, and (iii) disposal (/6).
Short-term storage, such as in shallowly
buried metal tanks (7, section 21), re-
quires active maintenance and guarding,
and is intended primarily as an interim
procedure (/7, 18). Long-term storage,
such as emplacement in underground
caverns mined in salt (7, section 25; /9),
requires little or no active maintenance,
but is susceptible to accidental or deliber-
ate breaching of isolation barriers (3, 4,
12). Disposal, such as ejection into outer
space (7, section 26; 20), implies that
there are no circumstances that could
result in the return of the wastes to the
terrestrial environment (2/7).

The division of what is properly a con-
tinuum of possible waste management
methods into three distinct categories is
purely arbitrary and appears to have
evolved primarily as a way to organize
technical thinking in response to political
pressures. As each individual waste man-
agement method was promoted, heated
controversy erupted about its efficacy. A
typical response was to aver that the
suggested method was a form of storage,
pending the development of an accept-
able final disposal scheme (22). This em-
phasized the differences between alterna-
tive methods rather than the continuity
of the problem. The need for perpetual
care of a retrievable surface storage facil-
ity is difficult to weigh against the proba-
bility of reentry of a space shuttle pack-
age or the possibility of an undiscovered
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water source in a salt formation. In the
first case the dominant failure mode is
social, in the second case technical, and
in the third case informational. The tend-
ency to focus on individual methods and
their idiosyncratic deficiencies led to in-
coherent debate (¢), owing to the ab-
sence of a shared basis for comparison.
The commonality of the goals and objec-
tives of all waste management methods
was obscured (23).

Two criteria, technical irreversibility
and site multiplicity, are suggested here
for use in organizing waste management
options in terms of ensuring continued
isolation from the biosphere in the face
of both social and geological uncer-
tainties. They- also reflect the possible
consequences of technical or judgmental
errors. These criteria translate the goals
of waste management—public health and
safety, ethical and moral responsibil-
ities, obligations to the future, concern
over imperfections in present techni-
cal and social knowledge—into standards
against which the performance of any
suggested scheme can be judged (24).
The purpose of the classification is not to
substitute quantitative social analysis or
purely technical measurements for prop-
er consideration of the ethical and social
issues associated with a waste manage-
ment decision. Rather, it is to provide a
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Fig. 1. The ingestion hazard index [volume of
water needed to dilute a volume of waste or
ore to allowable concentration guidelines
(RCQG)] for solidified HLW from the repro-
cessing of enriched-uranium light-water reac-
tor fuel. It is assumed that 99.5 percent of the
uranium and plutonium in the spent fuel and
all of the krypton and iodine are removed be-
fore solidification. For comparison, the haz-
ard indices for a fairly rich Colorado carnotite
vein ore and for more typical 0.2 percent con-
centration sandstone ores are also indicated.
[Adapted from ERDA 76-43 (7)]

clear basis for open and conscious policy
choice. '

Long-term safety is taken to be the
overriding concern. Operational and
short-term risks and present costs are
held to be of secondary importance in
determining an acceptable method (25),
and are to be examined after a desired
option has been selected. If this option
seems excessively hazardous to present
populations, or prohibitively expensive,
the next best alternative can then be
examined. A minimum ethical require-
ment is that this choice be made explicit-
ly and self-consciously (26), and with an
open acknowledgment that the well-
being of future generations may depend
upon our choice. Unexamined or implicit
value judgments, ethical choices, and
evaluations of risk should be avoided.

Wastes from the Nuclear Fuel Cycle

Radioactive materials of no immediate
or foreseeable value are produced at
every stage of the nuclear fuel cycle.
Collected and contained, they constitute
the wastes. Gaseous emissions and lig-
uid effluents, after treatment to remove
the more hazardous components (27),
are discharged into the environment and,
although their activity has not decayed
away, they are no longer subject to regu-
lation as wastes (28). Wastes with low
levels of activity comprise large volumes
of material containing low concentra-
tions of radionuclides, and arise from
activation or contamination of solids and
liquids used in routine operation, for ex-
ample, gloves, wiping cloths, effluent fil-
ters, and coolants. The radiological haz-
ard per unit volume is comparatively
low, and by regulation only a very small
concentration of alpha-emitting trans-
uranics is to be allowed (29). Wastes
with intermediate levels of activity con-
sist largely of the products of effluent
cleanup and of chemical wastes with a
higher concentration of fission products
and other short-lived radionuclides (30).

Transuranic-contaminated wastes pri-
marily come from fuel processing and
fabrication, where some portion of the
actinides being handled is lost as waste
in chemical extraction or machining oper-
ations. The very long half-lives and very
low permissible concentrations (/3) of
most alpha-emitting actinides requires
that these wastes be disposed of by a
method that provides long-term guaran-
tees of containment integrity.

The wastes that have most often
served as the focus of public debate over
long-term containment and disposal are
the wastes with a high level of activity
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(high-level wastes, HLW) that originate
in the reprocessing of spent reactor fuel
@31). It will be necessary to wait a few
months for the shortest-lived isotopes to
decay away, after which time the spent
fuel is to be sent to a reprocessing facility
where the uranium and plutonium will be
chemically extracted. The recovered ura-
nium may be returned to an enrichment
facility to be recycled again as fuel. The
extracted plutonium can be used directly
(32). The HLW generated as liquid
wastes from the solvent extraction pro-
cess (33) will contain almost all of the
nonvolatile fission products, a residual
percentage of the uranium and plutonium
(34), and the remainder of the actinides
(35). Under present federal regulations,
this liquid must be solidified within 5
years of reprocessing and shipped to a
federal waste repository within 10 years
(I3, section 50, appendix F). Shipment
as a liquid is prohibited (36).

Figure 1 shows some of the constitu-
ents of HLW as a function of time from
reprocessing. The components usually
referred to as short-lived have half-lives
ranging up to a few tens of years (37).
They decay away sufficiently rapidly so
that in times less than or of the order of
10® years their contribution to waste ac-
tivity is comparable to or below back-
ground radiation. The long-lived com-
ponents, on the other hand, have half-
lives upwards of 10° years. As they are
generally emitters of alpha rather than
beta or gamma radiation, they present a
greater carcinogenic potential per curie
of activity (38). They may have to be
kept contained and isolated for times up
to 105 years. This separation according
to half-lives is not entirely arbitrary. As
shown in Fig. 1, it reflects the character
of the waste stream.

From a social or political point of
view, it is difficult to think of 10? years as
a short time. Figure 2 compares the half-
lives of some of the radionuclides pres-
ent in wastes with times of social or
political relevance. It should be recalled
that many half-lives must elapse before
the net activity due to any specific iso-
tope is appreciably reduced. For beta-
and gamma-emitting radionuclides that
decay to benign levels in times less than
10 years, the decrease in potential risk
occurs over times that allow us at least to
conjecture about relevant social and po-
litical conditions. This is clearly not true
for the long-lived transuranics.

It has been suggested that HLW, at
least, be further separated into long-lived
and short-lived components by addition-
al chemical treatment (39). Such parti-
tioning might simplify some aspects of
disposal. The mass and volume of the
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fraction containing the alpha-emitting
transuranics would be reduced consid-
erably, which would facilitate more exot-
ic waste disposal methods such as in
space and by transmutation (I5). The
shorter-lived fraction could be handled
differently, and some of the isotopes
might even be in demand for other pur-
poses as they were separated out (40).

The definitional problem of determin-
ing which components should be treated
as wastes and which as potentially recov-
erable resources is not a trivial one. Pres-
ent opinions range from the conviction
that almost all of the radionuclides have
potential value and should be stored re-
trievably against the day when the need
for them is fully developed (¢1), to the
opinion that any by-product of the nucle-
ar fuel cycle for which there is no imme-
diate use should be permanently dis-
posed of (42). Therefore, no fixed defini-
tion of isotopic composition or mass is
assumed. Where quantities or specific
activities of the wastes are determining
factors in the operation of a given waste
disposal method, they must be taken into
consideration when the feasibility of the
method is evaluated, because both the
scale of the operation and the level of
risk entailed will be affected.

Criteria for Waste Disposal Methods

All methods for management of nucle-
ar wastes must take into account long-
term risks, short-term and operational
risks, and cost. In principle, these cri-
teria are empirically determined and then
used to establish standards (prescriptive
norms) for performance that reflect nor-
mative judgments as to safety and afford-
ability (43). In formulating standards, the
weighing of the relative importance of
each of these criteria is a social decision
involving both social and ethical values.
Nevertheless, there is a persuasive case
for the subordination of both immediate
risks and present costs to potential long-
term hazards when selections are being
made among alternative options for the
disposal of long-lived wastes.

Cost is taken to be least important. It
is used here not as a technical determi-
nant for defining an acceptable method,
but as an elastic boundary condition to
be satisfied. Once a method is selected
according to consideration of risks, it is
then to be examined to determine the
social and economic costs of operation
(44). As these costs are unlikely to be
prohibitive 45), the question is what lev-
el of safety will society be willing to pay
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for. Affordability is a flexible social and
political decision.

A similar argument is made for subor-
dinating short-term and operational risks
to long-term ones. The immediate risks
of disposal operations will be borne by
the same population that benefits from
the nuclear power that generates the
waste. That population can weigh both
risk and benefit and make its own deci-
sions. Waste disposal, however, poses a
difficult problem in that immediate risks
and costs may be decreased by exporting
risk to other populations, or to the future
(46). There will be a natural desire to
minimize present risk and current costs.
The only constraints on doing so at the
expense of the future are ethical and
moral ones (7).

I suggest that there are two principles
of ethical behavior to be followed. The
first is that the public should be given the
fullest information possible about long-
term risks and future costs @8, 49). That
future populations may be unable to act
upon this information in no way absolves
the present of the responsibility to pro-
vide it. If risks are to be exported to the
future, a minimum ethical standard is
that this should be done openly. The
second principle is that present genera-
tions should act so as to minimize the
amount of irreparable harm that could
occur as a result of present decisions
7). It is certain that every action has
uncertain consequences for the future
50, 51). This does not argue against the
right to act, but against the refusal to
take responsibility for the consequences
(52). The ethical problem of how to bal-
ance the needs of the present against the
rights of the future, of justifying the ex-
port of risks and costs, is far too large to
encompass here. Nor is it clear that there
exists a basis on which to resolve it ¢9;
51, p. 232). But to act so as to minimize
exported risks, particularly when to do
so imposes no great burden upon the
present, is the minimum ethical require-
ment.

Therefore, primacy has been given to
minimization of long-term risks in estab-
lishing a framework for organizing alter-
natives for waste disposal. If these risks
could be precisely determined, the op-
tions could be simply ranked. But there
are great technical and social uncer-
tainties as to the integrity of waste con-
tainment over the long times that such
containment must be maintained. An ac-
ceptable method for the disposal of high-
level wastes must be proof against techni-
cal failures such as corrosion of materi-
als, against scientific failures such as
overestimating the efficacy of natural bar-
riers to migration, and against geological
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changes such as glaciers and earth-
quakes (53). Few disposal methods can,
with confidence, be guaranteed to be
permanent over the hundreds of thou-
sands of years that isolation is needed. A
more reasonable condition is that,
should the containment fail, the time to
return the wastes to the environment is
of the same order of magnitude as the
time necessary for the toxicity to be
reduced to a level equal to or below
background radiation at a comparable
site. Since even the short-lived com-
ponents of the wastes will remain hazard-
ous over times that are long on social or
political time scales, no guarantee of fu-
ture ability to repair, clean up, or even
recognize a breach of containment can
be assumed.

The amount of radioactivity in the
waste as a function of time can be com-
bined with technical and scientific esti-
mates of the probability of failure to
generate a set of numbers that express
the long-term risk in terms of the prob-
able material release in any given year
(54). But to translate these into even a
rough measure of social impact requires
knowledge of available pathways and
population distributions and habits. Such
numbers are too imperfect and in-
complete in the face of social, technical,
and geologic uncertainties to provide use-
ful guidelines for the evaluation of alter-
native disposal methods. What I suggest
in the next section is a method for ex-
tending the risk evaluations into a pair of
criteria that reflect not only technical
paths for returning the wastes to the
environment, but also the possibility of
active intervention by more or less in-
telligent beings. As the impacts of a giv-
en release cannot be adequately deter-
mined for times far in the future, the
focus is on minimizing the probability
and quantity of a breach of containment
in the face of a wide range of uncer-
tainties as to the causal factors.

Technicai Irreversibility

I define technical irreversibility as the
degree to which emplaced wastes are
resistant to recovery or release either by
accident or by the deliberate application
of technology. Its significance as a crite-
rion is that the more irreversible a waste
disposal method is, the more confident
we may be that the wastes will remain
isolated in the face of social, technical,
and geological uncertainties. If technical
irreversibility were high, then neither
cataclysmic natural events nor the activi-
ties of intelligent and technologically
adept beings could readily return the

wastes to the environment. Retrievable
surface storage, for example, is highly
reversible: vulnerable to accidents and
easily accessible for recovery. Ejection
into deep space is almost completely irre-
versible. Melting the wastes into a solid
rock matrix would be highly irreversible:
a geologic event that would result in
large releases of toxic radionuclides
would be very improbable; the applica-
tion of fairly advanced and sophisticated
mining technology would be required to
deliberately reextract them from the
rock.

Technical irreversibility measures re-
sistance to both social and physical inter-
vention (55). It does not correlate pre-
cisely with scientifically defined irrevers-
ibility. Irreversibility can be expressed
mechanically, as with a ball rolling down
a hill set in the middle of a flat plain. The
application of a little intelligence and
energy can easily restore the ball to the
top of the hill. The irreversibility embod-
ied in the second law of thermodynamics
is based on the difficulty of restoring an
initial situation in the face of statistical
improbabilities, the unlikelihood that a
specified event or set of conditions will
spontaneously occur if it is but one of a
large number of accessible outcomes.
The presence of intelligence, however,
allows the creation of improbable circum-
stances (56); reversibility may be expen-
sive, but it is not in principle impossible.

There are parallel examples of social
irreversibility. It is easier to create a
bureaucracy than to destroy it (57). In-
creases in the perceived quality of our
lives are not readily foregone (58). An
example of almost purely social irrevers-
ibility that is more to the point here is the
fabulous pirate practice of burying a trea-
sure in a remote or obscure location and
then Kkilling those who know of it. Me-
chanically, the burial is very reversible;
retrieving the treasure is simple once its
location is known. But it is socially irre-
versible, since accidental discovery is
highly unlikely and a deliberate, but un-
guided, search has a very low probability
of success.

Irreversibility is proposed as a crite-
rion to provide some degree of security
against breaching of containment and
failure of isolation in the face of un-
known social, political, and cultural de-
velopments; to provide the greatest pos-
sible security against their release or mis-
use by an agent not equipped to recog-
nize or cope with the dangers (59).
Stability against geological change is a
minimum requirement. But the degree of
reversibility also depends on the amount
of attention that might be drawn to the
site by geological features or identifiable
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artifacts. Intelligent life is notoriously
incautious in indulging its curiosity. Con-
struction of a large concrete mausoleum,
for example, would almost guarantee
that concerted efforts would be made to
breach it by intelligent, but uninformed,
life. On social grounds, such a method is
held to be quite reversible. Additional
irreversibility cannot be provided by
warning messages, symbols, or labels.
We cannot assume that even a society
that has the technology to undo rather
irreversible storage will know enough
about radioactivity to proceed cautious-
ly, or that it will be able to decipher a
message it cannot read (60). Indeed, the
presence of such an indecipherable mes-
sage would only arouse additional inter-
est. “‘Interesting’’ geological formations
such as salt domes are equally likely to
draw attention. The society that drills
into them may know nothing of radio-
logical hazards, but still be sufficiently
advanced technologically and scientif-
ically to be curious about the formation
itself and its possible contents (61). A
condition for site location that aids irre-
versibility is that it be as uninteresting as
possible, and so draw no attention for
other reasons (62).

Table 1 is a preliminary classification
of several waste disposal methods ac-
cording to the degree of technical irrevers-
ibility possessed by each, as derived
from consideration of both social and
technical factors. The categorization is
deliberately broad, since a more precise
distinction would not only require more
detailed analysis, but is limited by techni-
cal and social uncertainty. In addition,
many of the suggested waste disposal

methods could be made more irrevers-
ible by a judicious alteration to provide
additional technical or social barriers to
prevent breaches of the containment and
isolation. For example, emplacement in
geological formations would be more ir-
reversible if chemical means could be
found to immobilize the wastes against
uptake into biological systems, since
such uptake can both increase waste mo-
bility and provide for subsequent recon-
centration of the wastes in the food chain
(63). Disposal on the ocean bottom
would be more irreversible if the can-
isters were randomly placed so that a
deliberate and informed search would be
necessary to recover them in significant
numbers.

Technical irreversibility, then, is de-
fined by a combination of social and
physical elements that measures both the
size and the sophistication of the tech-
nology or natural mechanism that would
be necessary to return the wastes to the
biosphere in quantities or at rates that
would be radiologically significant. It
tends to correlate fairly well with the
degree of scientific and technical apti-
tude that would be required for deliber-
ate waste recovery by a society of in-
telligent beings, and with the size and
cost of the necessary effort. The greater
the degree of technical irreversibility,
the greater the confidence that any fail-
ure of isolation and containment will oc-
cur only through the intervention of
those fully capable of understanding the
risks involved. In that sense, it is a useful
criterion for establishing standards for
waste management that reflect our ethi-
cal obligations to the future.

Multiplicity

There will always be some uncertainty
as to whether a chosen method for waste
disposal is technically sound, or whether
we are capable of thinking through all
possible circumstances by which con-
tainment might be breached. If a single
site, single technique method were used,
an appropriate question would be: How
strong does your basket have to be be-
fore you are willing to place all of your
eggs into it? The provision of additional
baskets has two dimensions—multi-
plicity of sites and diversity of options.
The purpose is, in either case, to provide
redundancy as a hedge against error and
uncertainty (64).

For example, the irreversibility of
many types of terrestrial geological dis-
posal methods could be increased by
making the number of sites very large,
thus reducing the potential risk due to
the breach of any single one. This mea-
sure could then be augmented by random
emplacement in unrecorded locations.
The increased probability of accidental
discovery must be balanced against the
lower radionuclide inventory to see
whether this strategy would in fact re-
duce net risk under a wider range of
geological and social factors. An alterna-
tive approach would be to collect many
years production of waste into a single
giant container and then to emplace this
so deeply and with such redundant bar-
riers that any breach would seem highly
improbable. This approach would signifi-
cantly increase the probable conse-
quences of a release. Under the speci-
field conditions, multiple emplacement is

Table 1. Technical irreversibility of selected methods for the management of wastes with high levels of activity. [Adapted from ]

Disposal method Irreversibility
Physical Social Technical
Retrievable surface storage Very low for water cooling to Very low Very low
moderately low for above
ground convection cooling
Sealed mausoleums Low to moderate Very low Low to very low

Mined caverns in salt

Drilled- or solution-mined cavities
in salt

Seabed, emplacement in bottom
sediments

Mined rock cavity, partial melting

Mined rock cavity, complete melt-
ing

Seabed emplacement in basement
rock, no melting

Deep rock melt, drilled hole

Deep rock melt, self-descending
capsule

Space disposal, outer space mission
Transmutation

Moderately low

Depends on ground water; low
to moderate

Moderate, depends on nature
of sediments

Moderately high

Moderately high

Moderately high to high, de-
pends on geologic activity

High; depends on geologic
activity

High to very high, depends on
geologic activity and sinking
depth

Very high to complete

Complete

Low

Low for domes to moderate
for bedded salt

Moderate to moderately high

Moderate to moderately high
(away from other minerals)

Moderately high (away from
other minerals)

High

High (located away from
other minerals)
High to very high

Very high to complete
Complete

Low
Low to moderate

Moderate to moderately
high

Moderate to moderately
high

Moderately high

Moderately high to high

High

High to very high

Very high to complete
Complete
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held to confer more technical irreversibil-
ity in the face of uncertainty as to social,
technical, and geological futures (65).

Multiplicity of sites does not, of
course, provide any security against fun-
damental conceptual or design errors. It
does help to minimize the consequences
of such errors if the failures are random
and widely spaced in location and time.
But if confidence in the performance of a
single site were high, multiplicity would
not necessarily provide an advantage on
technical grounds. Its primary advantage
would be the reduction of the con-
sequences of the deliberate or inadvert-
ent action of intelligent life.

One aspect is damage limitation. If the
opening of a single site caused minimal
harm, and if the discovery of one site did
not automatically provide the key to un-
covering others (66), catastrophic re-
leases would be less likely to occur. Fur-
thermore, this could provide time for
effects to be connected to the proximate,
if not the ultimate, cause. Given the large
uncertainties in predicting future social
patterns, such provisions for damage lim-
itation should be a leading factor in con-
sidering alternatives even if irreversibili-
ty is somewhat compromised. For in-
creased site multiplicity is not necessari-
ly identical to increased technical
irreversibility. Although the two tend to
correlate for many waste disposal meth-
ods, there are some (such as retrievable
surface storage) for which the two cri-
teria are nearly independent.

Figure 3 locates a number of waste
disposal options on a two-dimensional
plot that treats technical irreversibility
and site multiplicity as independent cri-
teria (67). The scale of the axes does not
imply any attempt to predetermine their
relative importance. It must be empha-
sized that this is a qualitative map. Not
only the absolute but sometimes the rela-
tive location of any option is a matter of
informed judgment. It is not only diffi-
cult but unwise to try and localize any
method too narrowly. Even if the axes
could be accurately and quantitatively
labeled, inherent uncertainties in predict-
ing the future would negate any attempt
to pin a given method down precisely.

Applying the Criteria

For these criteria to be useful for or-
ganizing alternative approaches to nucle-
ar waste management, they must be
translatable into normative standards to

guide decisions. A central hypothesis

concerning the utility of the two-criteria
and two suggestions for applying them to
guide the formulation of waste manage-
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Fig. 3. Qualitative diagram of several of the
waste disposal methods listed in Table 1 clas-
sified according to site multiplicity and techni-
cal irreversibility. The salt, seabed, and deep
rock loci include all of the possible options
listed in the table.

ment policy are offered for this purpose.

The hypothesis is as follows: Empha-
sizing the continuity of goals in formulat-
ing waste management policy and doing
away with arbitrary classifications (such
as short-term versus long-term storage)
increases the possibility for reasoned
and ethically sound policy choices. The
two criteria were developed, and the
case for them is argued here, specifically
to facilitate this procedure.

The first suggestion is this: Both tech-
nical irreversibility and site multiplicity
are desirable goals for waste manage-
ment. Given equal uncertainty that two
different methods for the management of
wastes will suffer from gross conceptual
or design faults, the one that maximizes
an appropriate weighing of the two cri-
teria is preferable (68). Although estimat-
ing the relative weights is a part of the
decision process not to be preempted
here, Fig. 3 suggests how this might be
done. The further into the upper right-
hand corner a method lies, the greater
the reduction of potential future risks in
the face of social, technical, and physical
uncertainties. Conversely, the greater
the confidence in social and physical sta-
bility over the time scale during which
the wastes must be kept isolated, the
closer to the lower left an acceptable
method will lie (69). Note that this meth-
od is applicable to all forms of waste.

The joint application of the two cri-
teria provides a crude measure of reduc-
tion of risk in the face of uncertainty. But
uncertainty increases with time. With
Fig. 3 being used as an illustrative de-
vice, there is an effective containment
time scale running from the lower left
(reversible, single site) to the upper right
(very irreversible, high multiplicity). The
shorter lived the wastes, the less the
necessary containment time, and there-
fore the more uncertainty that can be
tolerated.

This leads to the second suggestion:
For any type of nuclear waste, a set of
combinations of the two criteria can be
determined that bounds the region of
acceptable waste management methods.
With reference once again to Fig. 3, this
suggestion can be graphically interpreted
as saying that there are lines of equal
preference that can be (fuzzily) drawn
upon the diagram to separate the accept-
able from the unacceptable regions of
performance. Because minimization of
long-term risk is the dominant concern,
the desirability of any given option will
be measured by the degree to which it
lies beyond the region of minimum ac-
ceptability. If there were several equally
preferable options, the secondary cri-
teria of reducing operational risk and
cost could be freely used to select among
them (70).

It should be kept in mind that technical
irreversibility is meant to provide a crite-
rion for choice and not to preempt ‘it.
Complete irreversibility that precludes
all possibility of recovery may not be the
most desirable outcome. It can be argued
that our obligation to the future extends
to the preservation of options as well as
the prevention of harm, that we have an
obligation to try to avoid irreversible con-
sequences of our actions (71). It may
then be considered more desirable to dis-
pose of the wastes by a method roughly
as irreversible as the dispersal of urani-
um in present ores. This would at least
partially correct the irreversible deple-
tion of natural supplies of fissionable ma-
terial. The provision of an artificial ore
bed is intended to make these materials
accessible only to those who understand
what they are mining and why. In that re-
gard, the artificial beds could be some-
what more secure against accidental min-
ing than natural beds have been if care
were taken to make sure that the wastes
were not located near other desirable
minerals.

A locus of minimum acceptability has
been plotted on Fig. 4, the same axes
being used as in Fig. 3 (72). Let us as-
sume that this represents emplacement
that presents a hazard roughly the same
as that of the uranium ores we are now
mining (73). A second curve has been
drawn at somewhat higher values of irre-
versibility and multiplicity, representing
emplacement that is not beyond poten-
tial recovery but would entail consid-
erable cost and effort to recover with
present technology. Nevertheless, the
wastes could be recovered if the need or
desire were great enough. By selecting a
waste disposal option that lies between
these two limits, we could do our best to
ensure that the future would be exposed
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to no more risk than if we had not used
the ore for power at all, while still doing
our utmost to avoid irreversibility fore-
closing future options.

Diversity of Options

In the past, waste management policy
has consistently been drawn to the
search for the single most desirable alter-
native. The method suggested here facili-
tates the pursuit of several equivalently
desirable options. To return to the pre-
vious metaphor, it is of little avail to put
your eggs in many identical baskets if
they all fail at once. Diversity of options
can provide protection against such
gross failures (64).

As with multiplicity of sites, statistical
reasoning alone does not necessarily
lead to the conclusion that diversity of
options reduces risks (74). The parallel
pursuit of more than one method for
waste management is an explicitly nor-
mative recommendation, based on the
ability of intelligent life to respond to fail-
ures. If one of the disposal methods
failed at a time when there was a society
capable of understanding what had hap-
pened and taking remedial action, it
would be extremely important to have at
least one alternative storage method that
was trusted and immediately usable. If
a method had been chosen that had fairly
high site multiplicity, and if not all sites
failed simultaneously, it is even possible
that the transfer could be effected before
any large fraction of the stored wastes
was released (75).

If no other proved method were avail-
able, it would be far less probable that an
acceptable alternative could be devel-
oped and proved before the number of
site failures increased far past the point
at which failure was noted. Furthermore,
a society placed in the position of having
sites fail with no available alternatives
would be more likely to attempt remedial
action than to develop new methods with
unknown risks (76). This would be as
likely to multiply the difficulties as to re-
duce them. The patched or modified sites
might have a risk that would have been
unacceptable by the original selection cri-
teria. Patches or repairs might also begin
to fail, and the modified system might be
much more difficult to correct than was
the original (77).

If the impact of any release were po-
tentially catastrophic, it might be prefer-
able to hold to a single waste disposal
method to maximize the probability that
no untoward events at all would occur
during the required storage period. But a
properly chosen combination of several
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Fig. 4. Hypothetical loci of equal preference
for choosing among alternative methods for
nuclear waste disposal. The curve toward the
left intersects the sandstone ores at roughly
the irreversibility and multiplicity of 0.2 per-
cent uranium ores (sandstone). The curve to-
ward the right is intended to represent an em-
placement that would be economically diffi-
cult, but not impossible, to reverse with
present technology.

multiple-site options would ensure that
an event even of the worst kind would
not be catastrophic, particularly for a
method with high irreversibility. Further-
more, a most careful monitoring and test-
ing program should be an integral part of
waste management procedures to keep
track of the condition of the sites and to
detect any early signs of failure.

This safeguarding procedure would
surely not outlast knowledge of the sites,
and would not, therefore, compromise
their long-term integrity. It is needed be-
cause the highest risk would be from
gross failure in the early years of storage,
and technologies that do fail are likely to
give early warning signs. This should not
be only a monitoring procedure, but part
of an ongoing program of technical and
social research to find and identify proce-
dures and techniques that would in-
crease site integrity and further minimize
both the degree and the consequences of
uncertainty. Our obligation to the future
is not discharged simply by determining
the level of risk to which they will be ex-
posed. An ethically sound waste manage-
ment policy will continuously and de-
terminedly seek methods to reduce that
risk.

Conclusion

Two criteria—technical irreversibility
and site multiplicity—have been sug-
gested for use in establishing standards
for the disposal of nuclear wastes. They
have been constructed specifically to ad-
dress the reduction of future risk in the
face of inherent uncertainty concerning
the social and political developments
that might occur over the required peri-
ods of waste isolation, to provide for safe

disposal without the requirement of a
guaranteed future ability to recognize,
detect, or repair errors and failures (78).

Decisions as to how to apply or weigh
these criteria in conjunction with other
waste management goals must be made
by societies and their governments. My
purpose has not been to preempt this
process, but to construct a framework
that facilitates consideration of its ethical
and normative components. As with
many other human activities, the produc-
tion of nuclear power entails con-
sequences and risks for future genera-
tions who can have no voice in present
decisions. On that account, their welfare
must be carefully considered. It is not
within our power to pass on to the future
a world unchanged by our residence in it.
Nor do we have an obligation to do so.
But, as our every act has the potential to
profoundly alter future lives, our mini-
mum ethical obligation is to examine
most thoroughly the potential con-
sequences of present actions, to ac-
knowledge them openly, and to minimize
the potential for irremediable harm.

This obligation would not be satisfied
if, in the disposal of nuclear wastes, we
imposed upon future societies an obli-
gation to provide for a stability of institu-
tions unprecedented in history (79), if we
attempted to transfer the responsibility
for accidents from our shoulders to
theirs. There is no ethical or moral basis
for placing social and technical require-
ments and obligations on future genera-
tions for the sole purpose of protecting
them from the consequences of present
activities and decisions. The obligation
to consider the effects of errors in tech-
nology or judgment, to provide for our in-
ability to guarantee future technical per-
formance, social stability, and cultural
continuity rests with the present. An ethi-
cally sound waste management policy
must reflect not only our knowledge and
skills, but our limitations as well.
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of just distributions). Criteria are taken to be
based upon empirical data. They provide only
the quantitative basis for choice. Standards are
used to screen for acceptability, and therefore
are based on the normative factors. Thus the
maximum penn1531blc concentration for a gtven
radionuclide in air or water may be expressed in
empirical terms such as curies per cubic meter,
but are determined both by pathways to life, and
by decisions as to safety and equity that are not
entirely based on technical data.

. With the exception of the civil liberties implica-

tions of safeguards, potential social costs of
either successful operation or of failure have
rarely been considered in analyzing the nuclear
fuel cycle. Among the factors that need consid-
eration are patterns of employment and land
use, the consequences of evacuations and other
dislocations, and anxieties and fears raised by
both real and potential accidents. See, for ex-
ample, R. Budnitz and J. Holdren, in Annual
Review of Energy I (Annual Reviews, Palo Alto,
Calif., 1976), p. 553.

There appears to be widespread agreement by
all parties that operating costs for any waste
management method now conceivable will be so
small, on a percentage of power costs basis, that
safety considerations should predominate in the
decision. See also (23).

. It is assumed here that nuclear electric power is

a common good—one that distributes its bene-
fits over all persons in a society by virtue of their
participation in it—as well as a private one.
Similarly, waste management, because of its
risks and costs, may be described as a common
““bad.” In this context, exporting risk means
exposing persons who derive neither individual
nor common benefits. These may be persons in
the future or members of other contemporary
societies.

M. P. Golding and D. Callahan, What Is Our
Obligation to Future Generations? (Hastings
Center Institute of Society, Working Paper Se-
ries No. 2, Ethics, and the Life Sciences, Hast-
ings-on- Hudson N Y., 1972).

K. Arrow, Public Polzcy 21, 303 (1973). Arrow
argues that the provision of full information
about potential costs and risks is the minimum
ethical obligation of the seller. H. Jonas (¢9)
argues further that modern technology has con-
ferred upon its users the power to have such
enormous impacts that traditional ethics will not
suffice. Given that uncertain outcomes can de-
stroy the very context in which ethics operates,
ignorance can no longer serve as an alibi. The
ethical obligation thus extends to making the
search for knowledge a prime duty.

H. Jonas, Social Res. 40, 31 (1973).

is used here in the sense of Arendt
(51, chap. 1, p. 7). Arendt states that, in contrast
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to labor and work: ‘‘Action, the only activity
that goes on directly between men . . . corre-
sponds to the human condition of plurality, to
the fact that men not Man, live on the earth and
inhabit the world. While all aspects of the hu-
man condition are somehow related to politics,
this plurality is specifically the condition . . . of
all political life.”” To act is to set something into
motion in the context of human plurality, and
because of this plurality every action is a begin-
ning whose process is irreversible and whose
outcome is unpredictable.

51. H. Arendt, The Human Condition (Univ. of
Chicago Press, Chicago, 1958).

52. The future is by definition uncertain. Attempts
to find a substitute for action and avoid the
frustration of unpredictable outcomes must lead
to either the suppression of human plurality
through tyrannical control or the insistence that
one’s activity is ‘‘worldly” or self-contained,
rather than political and interactive. The former
reflects the refusal to allow consequences, the
latter the refusal to acknowledge them. See
Arendt (51, chap. 5).

53. Imperfections in human knowledge and the fun-
damental uncertainties associated with the prob-
abilistic distribution of the frequency and severi-
ty of cataclysmic events can be somewhat com-
pensated for by the provision of secondary bar-
riers that ensure slow diffusion and return of the
wastes to the environment even if the primary
containment is breached.

54. This much, at least, is within the scope of mathe-
matical risk analysis.

55. A good example of such mixed irreversibility is
dropping a cracker spread with peanut butter
and jelly face down on a sandy beach. In prin-
ciple, the effects can be reversed. In practice,
both social and physical costs are usually too
high. I thank R. Budnitz for this example.

56. In fact, the continued existence of intelligent life
requires it.

57. See, for example, H. Kaufman, Are Govern-
ment Organizations Immortal? (Brookings Insti-
tution, Washington, D.C., 1976).

58. Note that only the perceived quality of life is
referred to. This makes clear the political nature
of the assertion. Translated into economic
terms, this is equivalent to the price elasticity of
demand being greater for falling prices than for
rising prices. At times of great stress, such as
during major wars, perceived quality of life may
be sacrificed willingly. At other times, changes
in perception are simpler.

59. This argument could be extended as follows:
Knowing what we do of the dangers of nuclear
weapons, we should not leave any fissionable
materials for the future, on the assumption that
we have been lucky and they could easily do far
worse. This presents an ethical problem of even
greater complexity than those set out in this
article.

60. A. J. Evans excavated the first of the Myce-
naean tablets inscribed in Linear B at Knossos
in the year 1900. More than 50 years elapsed
before they were deciphered. See J. Chadwick,
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The Decipherment of Linear B (Cambridge
Univ. Press, Cambridge, 1970). The 3500 years
that have elapsed since the inscriptions were
made is only about one-seventh of the half-life of
plutonium-239. Yet, almost all the information
about the culture and language of Minos had
been lost.

61. If we depleted existing beds of uranium ores, a
future society would, in all probability, develop
to a fairly advanced industrial stage before dis-
covering the existence of natural radioactivity.

62. One of the advantages of seabed disposal in the
center of the North Pacific plate is that the site is
not only geologically stable, but barren of re-
sources and scientifically boring (W. Bishop and
C. Hollister, private communication).

63. E. A. Martell, Actinides in the Environment and
Their Uptake by Man (Publ. NCAR-TN/STR-
110, National Center for Atmospheric Research,
Boulder, Colo., 1975).

64. M. Landau, Public Admin. Rev. 29, 346 (1969).

65. More detailed method-specific analysis is
needed to examine this somewhat intuitive con-
clusion.

66. That is, by other than informed and sophisti-
cated actors who know just what it is they are
seeking and for what purpose it is to be used.
Under these conditions, we can be fairly certain
that they would be aware of the risks.

67. Technical irreversibility and site multiplicity are
taken to be independent variables. It is assumed
that for each method of waste disposal there is
what amounts to a functional equation that ex-
presses the interrelationship of the variables for
that specific method.

68. In the absence of contrary information, a priori
equal probability of gross failure is assumed.

69. It should be kept in mind that Fig. 3 is a concep-
tual and heuristic device, not a quantitative
map. The significant information is the relative,
not the absolute, position of any given option.

70. This is, of course, only one of the possible ways
to select an option. The major point here is the
bounding of a region that contains the unaccept-
able methods, so that they may be discarded.

71. D. E. Boeyink, ‘‘Finitude and irreversibility:
The duty to avoid irreversible consequences,”
paper presented at a regional meeting of the
American Academy of Religion, April 1975. Irre-
versible consequences are to be distinguished
from irreparable harm. The former involves un-
certainty as to the harm or good of our actions in
the face of imperfect knowledge and a moral
finitude. Note that it is the irreversibility of
consequence that is suggested as being avoid-
able. All action is inherently irreversible. But
see Arendt (51).

72. Waste disposal methods have been deliberately
omitted from Fig. 4 to avoid even the appear-
ance of preempting social choice. The place-
ment of the indicated regions relative to the
;/arious options is not purely a technical prob-

em.

73. That is, 0.2 percent uranium concentrations in
sandstone.

74. Let us assume that all methods chosen have

Search for a Science Adyviser:
The Names on the List

In Tibet, when the Dalai Lama died,
the monks used to choose his successor
by scouring the nation far and wide for
the newborn into whom his soul had
transmigrated.

In Washington, in what may or may
not be a better method, the aides of the
President-elect draw up a list of names
which is read over the telephone to
people expected to be knowledgeable
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about how each might perform in the
office in question.

Jimmy Carter’s aides are giving what
is perhaps surprisingly high priority to
the search for the President’s science
adviser.

The list of names for science adviser
includes the following candidates. It has
been put together from those being asked
their opinions, not those doing the ask-

equal rates of failure. If two options were se-
lected, and the probability of a certain release
during the required storage time were % for each
of the methods, the probability that both would
have such a release would be V4. For three
methods, the probability would be !s. This
would be advantageous only if the procedure
resulted in effective damage limitation. But sup-
pose that this release could result in a catastro-
phe. In that case, the selection of three methods
at the stated probabilities would result in a 7
assurance that at least one such catastrophe
would occur. For two methods, the probability
would decrease to 3, and for only one method
to ¥4. For any combination of methods there
would be a distribution of failures in time and a
distribution of radionuclide inventory. It would
be instructive to have some strategies played out
by mathematical analysis to examine over what
period the hazards entailed would actually be
increased by diverse options in the absence of
remedial action. For long times, damage limita-
tion would be expected to dominate.

75. The information needed for monitoring the sites
and locating them would not compromise the
requirement of technical irreversibility if proper-
ly done. The original design consideration
should provide for the storage and handling of
emplacement data, and the monitoring of dis-
posal areas, in such a way as to provide in-

. accessibility of both sites and information to a
naive actor.

76. This would be particularly true if remedial ac-
tion could be rapidly effected, since a thorough
program to develop a new method from scratch
would take a minimum of several years.

77. For example, potential leakage from corroding
carbon steel tanks at the Hanford reservation
was prevented by solidifying the contained
wastes into salt cake. There is no existing meth-
od for removing the solidified wastes without
risking a potentially serious spill, because the
tanks can no longer be checked for integrity. As
ERDA itself put it, in Creating Energy Choices
for the Future [(Publ. ERDA-48, Government
Printing Office, Washington, D.C., 1975), vol.
2, p. 119]: ““If it is determined that the salt cake
must be removed from these tanks before the
level of radiation decays substantially (several
hundred years), unique fully remote techniques
for removing the salt cake from the storage
tanks will have to be developed.”

78. To the extent that one holds the contrary belief
that social stability is more assured than present
technological aptitude, it would be better to
store the wastes in a small number of accessible
sites so that performance could be monitored
and errors corrected. Of course, this assumes
that future technologies will be an improvement
and that operational errors such as that dis-
cussed in (77) will be avoided.

79. A. Weinberg, Science 177, 27 (1972).

80. The comments of T. Bradshaw, D. Metlay, B.
Schiff, K. Smith, and P. Windham are gratefully
acknowledged. I thank T. La Porte and A. Mid-
dleton for their advice and support.

ing, and so may not be inclusive, let
alone indicative of the final selection.

Apparently at the top of the list are
Lewis Branscomb, Jerome Wiesner, and
Wolfgang Panofsky. Branscomb, a
former head of the National Bureau of
Standards and now IBM’s vice-president
for research, is chairman of Carter’s sci-
ence policy task force. Wiesner, the pres-
ident of MIT, was science adviser under
Kennedy, and Panofsky is director of the
Stanford Linear Accelerator Center.

It is not known whether any of these
three would be able and willing to take
the job. If none is, the guessing is that
the choice would be made from the sec-
ond rank of candidates, which is said to
include John Baldeschwieler of Caltech,
and three Harvard men, engineer Har-
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