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NATIONAL RESEARCH COUNCIL 

OFFICE OF THE CHAIRMA"' 

2101 CONST1TlfT10N AVENUE \I'A$HINCTON, D. C. 20418 

Mareh 1, 1984 

Ms. Birgitta Dahl, Energy Minister 
Ministry of Industry 
S-103 33 Stockholm 
Sweden 

Dear Ms. Dahl: 

The National Research Council of the National 
Academy of Sciences has completed its review of those 
portions of the KBS-3 plan for final storage of spent 
nuclear fuel that relate to the geological repository 
features of the system. This review, as was true of 
the earlier review of the KBS-2 plan, relies almost 
exclusively upon information developed by KBS--the 
panel members performed no original research in the 
process of review. The panel finds that the conclusions 
reached in the plan were warranted by the evidence sub
mitted. 

The review was conducted by a Panel of the Board on 
Radioactive Waste Management of the Commission on Physi
cal Sciences, Mathematics, and Resources. Of this six-man 
Panel, the Chairman and one of the members served on the 
Subcommittee that previously reviewed the KBS-2 Plan, 
and two members served on the NRC Panel that has recently 
completed a study of the isolation system for geologic 
disposal of radioactive wastes. 

Please note that while the bulk of the Panel report 
is organized around the review and update of the answers 
to questions identified in the NRC evaluation of KBS-2, 
the fifth chapter of the report deals specifically with 
a new topic--suggested additional research activities. 

We very much appreciate the responsiveness displayed 
throughout our review by the managers and scientists 
associated with KBS, and are especially pleased that they 
were able to meet with the assembled Panel in Palo Alto, 
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Ms. Birgitta Dahl 
March 1, 1984 
Page 2 

California, and with an individual Panel member in 
Boston, Massachusetts. These opportunities for 
significant face-to-face discussions made our task 
easier and, we believe, the review more valuable. 

Three manuscript copies of the report are enclosed 
for your immediate use: an additional 250 printed copies 
will be sent to you in about four weeks. 

It has been a pleasure for us to work again with 
your office and with the KBS organization. We wish you 
every success in the work that lies before you. 

U;;L 
Frank Press 

Enclosures 

iv 
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CHARGE TO THE PANEL 

On June 21, 1983, the National Research Council (NRC) of 
the National Academy of Sciences submitted a proposal in 
response to the June 7, 1983, invitation by the Swedish 
Ministry of Industry to rev iew the plan for f inal storage 
of spent nuclear fuel--KBS-3 . The proposal was accepted 
on July 4 ,  1983 . 

I n  accord with the proposal, the NRC, through its 
Board on Radioactive Waste Management (BRNM) , gathered a 
panel of exper ts to review the KBS-3 plan, with pr incipal 
emphas is on those por tions relating to the geolog ical 
r epos itory features of the storage system. Par t icular 
cons ideration was to be g iven to overall canister and 
r epos itory des ign and to the calculations and supporting 
data related to waste form d issolution and radionucl ide 
migration from the point of emplacement through the sur
round ing geosphere . Within th is framewor k, the review 
was also to address the following : 

• Significant differences between the KBS-3 and 
KBS-2 systems . 
• Any modifications of conclus ions reached in the 

1980 NRC rev iew of KBS-2 . 
• Poss ible weaknesses in the KBS-3 plan . 
• Suggested areas for further research . 

It  was understood that the main task of the panel was 
to assess the val idity of the conclus ions of the plan, 
within the above-mentioned areas of pr incipal emphas is, 
on the bas is of the evidence submitted . The NRC agreed, 
to the extent feas ible, to select panel member s who were 
d irectly famil iar either with the prev ious NRC rev iew or 

x i  
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SUMMARY 

In  the judgment of the panel, the KBS-3 plan provides an 
adequate technical basis for the conclus ion it reaches-
that there is reasonable assurance that a waste repository 
built according to the KBS-3 plan will not permit an 
unacceptable rate of radionucl ide escape . 

The Swedish plan for d isposing of spent nuclear fuel 
was f irst reviewed in 1979 by a subcommittee of the Board 
on Radioactive Waste Management (BRWM7 then called the 
Committee on Radioactive waste Management ) of the National 
Research Council (NRC) . The present rev iew by a newly 
formed panel of the BRNM is a follow-up to the earl ier 
one, made necessary by the extensive research accom
pl ished dur ing the past f ive years  by the Swedish 
organization responsible for the d isposal plans, the 
Karnbranslesakerhet ( KBS ) . In 1978 the Swedish proposal 
was descr ibed in a document entitled Handl ing and Final 
Storage of Unreprocessed Spent Nuclear Fuel and commonly 
referred to as KBS-2 J a largely rewr itten and consid
erably expanded version of the KBS-2 document, entitled 
Final Storage of Spent Nuclear Fuel , or KBS-3 , is the 
subject of the present review .  Both KBS-2 and KBS-3 ar e 
supported by a large number of deta iled technical reports ,  
most of wh ich were cr itically examined i n  the course o f  
the two NRC rev iews, wh ich were under taken in response to 
requests from the Swed ish Ministry of Industry for 
external evaluation of the work of their own scientists 
and engineers . 

The cur rent NRC review, as was true in the case of the 
ear l ier review, relies almost exclusively upon information 
developed by KBS . The panel members  did not under take to 
per form research or to gather evidence . 

Essentials of the Swedish plan have not changed 
between KBS-2 and KBS-3 . Both are concerned with the 

1 
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disposal of spent fuel rods from power reactors ( in con
t rast to KBS-1, wh ich considered the d isposal of rad io
act ive waste recovered from the reprocessing of spent 
fuel and subsequently incorporated into glass cyl inder s ) . 
Like many proposals for managing h igh-level waste, the 
Swedish approach involves multiple bar r iers, some

. 
natural 

and some eng ineered, to keep the long-term escape of 
r adionucl ides with in acceptable bounds . The Swedish plan 
differs from most others in its heavy rel iance on engi
neered barr ier s, specifically th ick-walled copper canis
ters to enclose the spent fuel rods, surrounded by buffer s 
of compacted bentonite . These are to be placed in holes 
dr illed into the floor of a cav ity excavated in bedrock 
500 m below the land sur face . The bedrock, wh ich is 
expected pr imar ily to provide stable cond itions in which 
the corrosion of the copper would be very slow, could 
also serve as a secondary barr ier to radionucl ide escape 
should some of the canisters fail . The can isters, how
ever ,  are expected to last for a mill ion years or more, 
and the function of bedrock as bar r ier is env is ioned only 
as insurance against remotely possible acc idents early i n  
the l ife o f  the canisters .  These major aspects o f  the 
plan have rema ined the same between 1978 and 1983, but 
details have been altered , and much research has been 
carr ied out to test predictions about the long-term 
behav ior of canisters and buffer and about the movement 
of rad ionucl ides through bedrock . 

Evaluation of the recent research results is the focu s  
of the present panel ' s  review, and discussion from the 
ear l ier KBS-2 rev iew is repeated only when necessary for 
background and continuity .  The panel has devoted its 
effort pr imar ily to judging how well the new work of the 
KBS scientists and eng ineers has supported the ir con
clusions about the long-term safety of the planned d is
posal system and how convincingly they have answered 
questions about weaknesses in ear l ier ver s ions of the 
plan . Emphasis is on the adequacy of the enhanced 
technical data base w ith respect to two elements of the 
disposal plan : ( 1 )  the long-term stability of copper 
canisters enclosed in a bentonite buffer and ( 2 )  the 
ava ilability of deep geolog ic d isposal sites with the 
necessary d imensions, stability, and groundwater 
properties for mainta ining a benign canister environmen t 
and providing an effective secondary bar r ier to radio
nucl ide migration . As with the earl ier KBS-2 review , 
shortage of t ime for th is rev iew precluded consideration 
of some aspects of the Swedish plan--notably costs, 
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facil ities for predisposal handl ing of the fuel rods, 
compar ison with other d isposal methods, and the vulner
abil ity of the waste repos itory to later exploitation for 
copper or f issile mater ials . The cur rent rev iew is essen
tially a subjective evaluation by the panel member s  of 
the qual ity and completeness of the Swedish research and 
the log ic relating research results to conclusions drawn . 

Like its predecessor KBS-2 subcommittee , the KBS-3 
panel finds that the conclusions reached in the plan wer e 
warranted by the ev idence submitted and is convinced that 
an adequate technical basis has been developed to provide 
r easonable assurance that radionucl ides will not escape 
into the biosphere in unacceptable amounts from a reposi
tory located and constructed as  specif ied by the KBS-3 
plan . A few gaps and uncertainties in the ev idence 
r emain, despite the newer wor k ,  but the panel f inds l ittle 
reason to question the overall soundness of the KBS con
clusion . The pr incipal reasons for the panel ' s  j udgment, 
together with notes about the rema ining uncerta inties, 
a re summar ized below. 

Canisters. Two k inds of canisters are descr ibed in 
KBS-3, both of copper with walls 0 . 1-m thick, reduced 
from the 0 . 2-m thickness proposed in KBS-2 .  One k ind is 
fabr icated as in KBS-2, with molten lead f ill ing around 
the fuel rods and a cap sealed by electron-beam welding ,  
the new second var iety is to be f illed with copper powder 
that is compacted and sealed by hot isostatic pressing . 
A choice between the two has not yet been made . Fabr ica
t ion of both k inds has been demonstrated, the former at 
full scale and the latter at about one-th ird scale . 
Recent research has shown that pit corrosion is less 
rapid than was conservatively assumed in KBS-2 1 hence the 
wall thickness can be safely reduced . The research has 
further amply cor roborated the KBS-2 conclusion that 
stress corrosion crack ing is not a significant hazard for 
the k ind of copper that will be used . Experts at the 
Swedish Cor rosion Institute had cautiously estimated a 
guaranteed canister life of 105 years in KBS-2, bu t 
they now extend th is to more than 10 6 years .  The pane l 
concludes that the larger estimate is fully j ustif ied . 

The Buffer ( refer red to as •overpack • in KBS-2 ) .  The 
compacted bentonite to be placed around each canister in 
i ts deposition hole is expected to ( 1 )  prov ide a cush ion 
for the canister in case of mechanical disturbance , ( 2 )  
keep groundwater stationary or  almost stationary near the 
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can isters ,  so that access of corros ive agents to the 
can ister walls will be only by slow d iffus ion through the 
bentonite: and ( 3 )  ass ist in ma intain ing sl ightly alkal ine 
conditions near the canisters .  The second and th ird 
functions have been amply demonstrated by exper iment , bu t 
the abil ity of the bentonite to cush ion aga inst sudden 
shear , as might happen in an earthquake , is not yet 
adequately proved . This is a gap in available evidence , 
but not a ser ious one , because the probability of fault 
movement of the r ight magnitude and or ientation to cause 
disruption is exceedingly sligh t .  Questions raised in 
the ear l ier KBS-2 review about poss ible difficult ies in 
emplacing the bentonite without leav ing open channels for 
groundwater have now been answered by full-scale demon
strations in the underground exper imental fac ility a t  
Str ipa . 

Existence of Repas itory Sites . Identification of 
suitable repos itory sites is made diff icult by the need 
to extrapolate fracture patterns in bedrock from sur face 
exposures to depths of 500 m ,  a ided only by measurements 
in a few boreholes and by geophys ical observat ions . Such 
extrapolation is to some degree necessar ily speculative , 
but in KBS-3 the speculative aspect has been d imin ished 
by the use of additional deep boreholes and by improve
ments in geophys ical techniques . Three new s ites have 
been found that seem at least as promis ing as Karlshamn , 
the s ite that survived deta iled study in KBS-2 . Each 
s ite has an area of rock between major fracture zones 
large enough , though only barely so , to accommodate a 
repos itory , and each has secondary fractures that would 
have to be avoided or sealed by grouting . None of the 
four studied sites is ideal , but any one of them could be 
made usable by proper choice of locations between frac
ture zones and by grouting of minor fractures .  There i s  
l ittle reason to doubt that better sites w i l l  be found by 
the ongoing Swedish program of geologic explorat ion in 
the decade or so that remains before a s ite will actually 
be needed . 

Stabil ity of Sites . Recent geologic and geophysical 
studies of faults in the nor thernmost par t of Sweden have 
shown Quaternary d isplacements of as much as 30  m.  Else
where in the country , evidence for even small recent 
fault d isplacements is scanty , and the general stability 
of the crystall ine bedrock is shown by the infrequency 
and small magnitude of Swed ish earthquakes in histor ic 
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time . Much new information has been ga ined in the pas t 
f ive year s about the relative importance of postglacial 
rebound and tectonic forces in the slow , long-term , 
country-wide up-and-down motion of bedrock , and doubts 
once expressed by some Swedish geolog ists about general 
tectonic stability have been largely dispelled . 

Quantity, Movement, and Chemical Compos ition of  
Groundwater . Study of groundwater from boreholes at the 
newly explored r epos itory sites has shown relations much 
l ike those found earl ier at the s ites descr ibed in KBS-2 : 
w ide var iation in hydraul ic conductivity from high values 
in zones of fractur ing to very low values in relatively 
unfractured rock , and a general decrease in conduct ivity 
downward from the land sur face . Average values of 
hydraul ic conductivity at d ifferent depths , combined with 
estimates of hydraulic gradient , make poss ible est imates 
of rates of groundwater movement .  Such estimates are 
necessar ily uncerta in , especially s ince much groundwater 
flow may be concentrated in nar row channels J but even the 
h igher estimated rates are not large enough to affect a 
r epos itory adversely , and the water adjacent to a canister 
is kept practically motionless by the buffer . Many new 
chemical analyses , aided by improved techniques ,  confirm 
ear l ier results showing that groundwater at depth is 
uniformly slightly alkal ine and sl ightly reducing , with 
only minor amounts of poss ible corros ive agents . In con
tact with water of th is nature ,  the cor ros ion of copper 
canister s would be exceedingly slow. 

Temperature in a Repos itory. Repository temperatures 
depend on the length of time fuel rods are stored befor e 
d isposal and on the loading and spacing of the can ister s .  
These var iables can be adj usted to ach ieve any des ired 
temperature ,  so that no difficulty is expected in hold ing 
the temperature of canister surfaces to the intended 
maximum of 8 0 °C .  Recent calculations show that convec
tion cur rents produced by th is temperature are too weak 
to disturb groundwater flow , and heater exper iments at 
Str ipa have demonstrated that the effect on fracture 
apertures is small . This temperature has also been shown 
to be too low to affect appreciably the properties of 
bentonite or the rate of cor ros ion of the can isters .  

Repos i tory Clos ing . Mixtures of bentonite and sand 
are to be used as backfill in tunnels and shafts , and the 
emplacement of such mixtures has now been demonstrated at 
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full scale in the underground facil ity at Str ipa ,  thu s 
answer ing a question about feasibil ity that seemed 
especially ser ious to the earl ier KBS-2 subcommittee . 
Recent exper iments with compacted bentonite-sand mixtures 
have shown that dens ities can be readily atta ined at 
wh ich permeabil ities are comparable to the permeabil ity 
of most of the bedrock in wh ich the backfill will be 
placed . For preventing rapid groundwater flow through 
the rock adjacent to tunnels and shafts that has been 
fractured by blasting , seals of compacted bentonite are 
to be placed in slots sawed into the fractured rock . 
Demonstration exper iments have been planned but not yet 
car r ied out . There is reason to doubt that such seal ing 
could be entirely successful , in the sense that natural 
hydraulic conductiv ities are completely restored: but 
movement of groundwater could almost cer ta inly be slowed 
enough to prevent harm to the canisters in their holes 
beneath the tunnels .  A method of seal ing boreholes has 
been demonstrated recently both in the laboratory and at 
Str ipa : bentonite is  packed in per forated copper tubes 
that are inser ted into the holes , and absorption of wate r 
by the bentonite causes it  to expand through the per
forations and so to fill the holes completely . 

Can ister Failur e .  Should canisters somehow fail befor e 
their radionucl ide content has decayed to harmless levels, 
thus expos ing fuel rods directly to groundwater , escape 
of dissolved nuclides would be retarded by the insolubil
ity of the uran ium oxide pellets and by sorption and ion 
exchange on mineral sur faces in rocks through wh ich the 
groundwater passes on its way to a point where it may be 
tapped for human consumption . Deta ils of the movement of 
r eleased nucl ides have been studied intens ively dur ing 
the past f ive years , especially with respect to oxidiz ing 
conditions that may be produced locally by radiolys is , 
enhancement of radionucl ide movement by formation of  
complexes and colloids , and the model ing of groundwater 
flow through fractured rock . New models have been 
dev ised as alternatives to the commonly used hydrodynamic 
dispers ion models for porous rocks , but the new models 
have actually been used only to a l imited extent in 
estimating rates of radionucl ide migration . Model ing o f  
transport through fr actured rock i s  a complex problem 
that rema ins one of the least satisfactory aspects of the 
e ffort to predict radionucl ide releases . The abundance 
of exper imental data , the par tial check of such data by 
f ield tests , and the cons istent use of pess imistic 

Copyright © National Academy of Sciences. All rights reserved.

A Review of the Swedish KBS-3 Plan for Final Storage of Spent Nuclear Fuel
http://www.nap.edu/catalog.php?record_id=19380

http://www.nap.edu/catalog.php?record_id=19380


7 

assumptions all indicate , however ,  that estimates from 
the models should not be grossly in error . The fur ther 
est imates of doses to humans from rad ionuclide releases 
are made by generally accepted techniques , and the 
additional uncertainties inherent in such est imates would 
not cause excess ive r isk to health and safety . 

Suggested R&D . Research dur ing the past five year s 
has gone far toward answer ing questions raised in the NRC 
review of KBS-2 .  The new wor k has been especially con
v incing in that much of i t  has involved field tests under 
repos itory conditions , a notable deficiency in the earl ier 
studies . Some troublesome questions remain , for example 
those regarding the effectiveness of proposed shaft and 
tunnel seals , the val idity of models for groundwater flow 
in fractured rock , and the adequacy of treatment of the 
many var iables that influence retardation of radionucl ides 
in the ir migration through granitic rock . Uncer ta inties 
about such questions will doubtless be narrowed in the 
course of continu ing r esearch , although final answers to 
some will probably remain elus ive . Current knowledge is 
sufficient , however ,  to ensure that uncerta inties will be 
manageable and that conservative assumptions regarding 
them have led to rel iable estimates of repos itory 
per formance . 
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IH'l'RODOCTION 

Current plans for the development of nuclear energy in 
Sweden call for a total of 12  reactor s to operate for a 
limited per iod .  All reactor s are to be decommiss ioned by 
2 010 , and at about th is time entombment of h igh-level 
waste in a repos itory or reposi tor ies constructed in 
Swedish bedrock is expected to beg in .  No decis ion has 
been reached as to whether the waste will cons ist largely 
of spent fuel rods or sol idified reprocess ing waste , but 
plans are be ing developed for handl ing both kinds . 

After the f irst s ix reactors were in operation , 
questions arose about the safety of contemplated waste 
d isposal techniques , and the Swedish Par liament in 1977 
passed a law ( the •stipulation law• ) mandating that an 
• absolutely safe• method of d isposal be demonstrated 
before governmental permiss ion would be granted for the 
loading of fuel into any additional reactors .  To ass ist 
in complying with the law , the Swedish nuclear power util
i ties set up a special organization , Klrnbrlnsleslkerhet 
( KBS ) . The organization has s ince become a depar tment of 
the Swedish Nuclear Fuel Supply Company (Svensk Klrn
brinslef�rs�r jning (SKBF) ) ,  which is jointly owned by the 
util ities . The KBS organization , enl isting the a id of 
scientists and eng ineers from academia , industry , and 
government agencies , put together in remarkably short 
time two repor ts with accompanying technical documents 
intended to show that safe disposal could indeed be 
accompl ished . The repor ts are Handling of Spent Nuclea r 
Fuel and Final Storage of Vitr ified H igh Level Reprocess
ing Waste , known as KBS-1 , deal ing with vitr i f ied 
r eprocess ing waste ( late 1977) , and Handl ing and Final 
Storage of Unreprocessed Spent Nuclear Fuel , known a s  
KBS-2 ,  deal ing with spent fuel elements ( late 1978 ) . On 
the bas is of KBS-1 and supplementary mater ial the govern-
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ment granted permiss ion for loading fuel into four 
additional reactors .  

O f  the planned dozen , therefore , 10 reactors are now 
in operation , and it  is planned that the two rema ining 
reactors ( Porsmark 3 and Kar lshamn 3 )  will be ready for 
fueling in 1984 . Because the KBS-2 documents are now 
f ive years old , the government requested KBS to prepare a 
new report to update the demonstration that safe disposal 
of rad ioact ive waste is poss ible , before permission for 
fuel loading is g iven . Th is new repor t is entitled � 
Storage of Spent Nuclear Fue l ,  and is known a s  KBS-3 .  
Accord ing to changed leg islation , expected to take effec t  
in ear ly 1984 , the requirement for demonstration i n  the 
new repor t is not qu ite as str ingent as for the ear l ier 
ones : rather than requ ir ing •absolute safety , •  the 
government can now dec ide to grant a fuel ing l icense i f  
the waste-handling plan presented by the plant owner 
• • • •  offers a point of depar ture wh ich , after carrying 
out appropr iate research and development act iv it ies 
dur ing the next few decades , is certa in to prov ide a safe 
method for spent-fuel and reactor-waste management and 
f inal disposal•  (Jan Magnusson , Swedish Ministry of 
I ndustry,  personal communicat ion to Peter B .  Myer s ,  staff 
d irector of BRWM , 1983) . Actually , the change makes 
l ittle d ifference , because in pract ice the stipulation 
law has been interpreted along the l ines of the new 
leg islat ion . 

To help in evaluating the conclus ions reached in KBS-1 
and KBS-2 , the Swedish government invited rev iews from 
many individuals and inst itut ions both in sweden and 
abroad . The Nat ional Research Counc il (NRC )  agreed to 
make such a rev iew of KBS-2 ,  ass igning the task to a 
subcommittee of the Board ( then Committee ) on Radioactive 
Waste Management (BRWM) and the rev iew prepared by th is 
subcommittee (NRC , 1980 ) was publ ished in 1980 . With 
their publicat ion of KBS-3 in May of 1983 , the swed ish 
author it ies aga in sought external evaluations , and the 
NRC aga in agreed to undertake a review . The rev iew was 
entrusted to a new panel of the BRWM , and the current  
r epor t  is  a product of th is panel ' s  study . To ensure 
that the rev iew would be consistent with the ear l ier one 
and with cur rent th inking about waste management and 
disposal in the BRWM , the panel was set up to include two 
member s  from the KBS-2 subcommittee and two from the BRWM 
panel that prepared the recently publ ished Study of the 
I solat ion System for Geologic Disposal of Radioact ive 
wastes (NRC ,  1983 ) . 
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L ike the IBS-2 review , the current review was l imited 
in scope by the shortness of t ime with in wh ich i t  had to 
be completed . According to the Panel's charge , 

• • • rev iew tiae and resources ( should) be appl ied 
pr incipally to a review of those por tions of the 
repor t which relate to the geological repos itory 
features of the disposal system. Th is would 
include cons ideration of overall canister and 
r epos itory des ign , as well as the calculations and 
suppor ting data related to waste-fora dissolution 
and to radionucl ide aigration from the point of 
eaplacement through the surrounding geosphere . 

Excluded from cons ideration here are many par ts of the 
IBS-3 plan t technical details of handl ing and stor ing the 
waste , the separate facility for irradiated metal par ts 
of fuel assembl ies , the inter ia storage facility ,  and 
costs . The panel's focus was on the long-term integr ity 
of a bedrock repository in Sweden , the long-term integr ity 
of copper canisters enclosed in a bentonite buffer , the 
movement of groundwater , and the .ovement of radionucl ides 
in groundwater in the event that a canister is prematurely 
breached . These topics , in the opinion of the BRNM , ar e 
cr itical to a judgment about the functioning and effec
tiveness of the waste- isolation system . 

Because the KBS-3 report is largely an update of KBS-2 
with a substantial amount of new mater ial added , th is 
r ev iew of KBS-3 is in  effect a supplement to the KBS-2 
review .  There seems l ittle need to repeat here the back
ground mater ial from the ear l ier review or those parts of 
the ear l ier document where neither the KBS data nor the 
r eviewer s' opinion regarding them has changed appreciably .  
Emphas is in this rev iew i s  on the cons iderable expans ion 
of the technical data base by swedish scientists and 
engineers s ince IBS-2 appeared , especially on an evalua
t ion of the extent to which th is recent work has filled 
gaps in data and supplied additional ev idence about 
quest ionable aspects of the ear l ier conclus ions . The 
general outl ine of the present review follows closely 
that used for the rev iew of KBS-2 , and much of the 
argument here depends on ev idence presented more fully in 
the pages of the ear l ier document .  

I t  should be emphas ized here , a s  it i s  i n  the KBS- 2 
r eview , that the task undertaken by the authors of the 
KBS plans was not to descr ibe how and where an actual 
r epos itory should be constructed , nor to devise the best 
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poss ible or most cost-effective repos itory , but rather to 
show that development of a safe method for dispos ing of 
r adioactive waste in Sweden is poss ible . Th is means that 
rev iewers need not be concerned with costs of the proposed 
d isposal method , except in a very general way , or with 
compar isons of the Swedish method with other s that migh t 
be better , or with suggestions for poss ible improvements . 
The problem for rev iewers is to j udge how effectively the 
KBS author s have mar shaled technical and scientific 
evidence in suppor t of the ir conclus ion that a repos itor y 
for the safe disposal of h igh-level waste can be con
structed in Swedish bedrock . 

Like the KBS-2 subcommittee , the present KBS-3 panel 
has had to depend for its information almost entirely on 
sources provided by SKBF that are favorable to the KBS 
program . The sources are voluminous : they include the 
f ive volumes of the KBS-3 report itself ( •summary , •  
•General , •  •Geology , •  •sarr iers , •  and •safety • ) , the 
s uppor ting KBS technical documents publ ished s ince 1979  
(25  in  1980 , 16 in  198 1 ,  2 8  in 1982 , and more than 70 in  
1 9 8 3 ) , repor ts from the research program at the Str ipa 
mine ( formerly a Swed ish-Amer ican cooperative venture , 
now an international research program) , and ar ticles in 
the standard scientific literature . In addition , the 
panel benefited from a day-long question-and-answer ses
s ion with eight of the pr incipal authors of the technical 
documents and from subsequent telephone conversations . 
One panel member had follow-up conversations with indi
v iduals . The Panel had no first-hand contact with swedish 
laborator ies or repos itory s i tes , although two of its 
members  had v is ited Sweden ear l ier as par t  of the KBS-2 
subcommittee . Although one cr itic prov ided wr itten 
mater ial and met with the panel , the panel had no other 
oppor tunity to quest ion individuals , Swedish or foreign , 
who are cr itical of some of the KBS-3 conclus ions . The 
heavy dependence on data and opinions from enthus iastic 
advocates could eas ily lead to unconscious bias , but the 
panel tr ied to avoid th is by ma inta in ing a hearty skep
t icism,  by perus ing cr itical comments in previous rev iews 
of KBS-1 and KBS-2 ,  and by querying the Swed ish exper ts 
as  to their own opin ions of weaknesses in the program.  
Because the quantitat ive data could not be directly 
checked , th is rev iew necessar ily cons ists , l ike i ts 
predecessor , pr imar ily of the panel ' s  subjective evalu
ation of the quality and completeness of the Swed ish 
research and the logic used in relat ing the research to 
the conclus ions drawn . 
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In its general outline the KBS-3 plan for disposal i s  
no d ifferent from that descr ibed in KBS-2 : spent fuel 
rods are to be stored for a 40-year cooling-off per iod i n  
a n  intermediate facility a few tens of meters  below the 
ground sur face and then moved to a repository s ite whe r e  
they will be encapsulated in copper can ister s ,  the can
ister s will be lowered into a bedrock cavity some 500 m 
under the sur face , placed in holes dr illed into the floor 
of the cavity , and surrounded with blocks of compacted 
benton ite , and , f inally , the cavity ,  shafts , and boreholes 
will be filled and sealed with mixtures of bentonite and 
sand . Pr inc ipal rel iance for isolation of the rad io
nucl ides is placed on the durabil ity of the copper can
i ster s  for very long per iods , in an environment where the 
temperature rema ins below 100 °C , where groundwater is 
noncorros ive , and where the flow of water past can ister 
sur faces is neglig ibly small . The geolog ic sur round ings 
are also expected to retard effect ively the movement o f  
radionucl ides to the biosphere , but only a s  a sort o f  
insurance aga inst ear ly breach ing o f  many canisters .  A 
few spec ific changes in the KBS-3 plan are noteworthy : 
walls of the canisters are to be 0 . 1  m th ick rather than 
0 . 2  m, copper is suggested as an alternative to lead for 
f illing the canisters around the fuel rods , and the 
addition of ferrous phosphate to benton ite back f ill as a 
control on redox potential of the groundwater has been 
el iminated . A more important new aspect of KBS-3 and it s 
technical support documents is not a spec ific change , but 
s imply the wealth of additional detail that has been 
suppl ied in suppor t of conclus ions about the ava ilability 
of suitable repos itory sites , the durabil ity of copper 
can ister s under repos itory conditions , and the slow move
ment of radionucl ides that may escape into groundwater 
should some of the canisters be breached . An evaluation 
of these new results of continu ing research is the main 
objective of  th is rev iew . 

This review , l ike its predecessor , is organized around 
three major topics : the adequacy of technical and scien
t if ic data on the geology and hydrogeochemistry of the 
s ites suggested as suitable for repos itory construction , 
the adequacy of metallurg ical data on the mechanical 
propert ies and corros ion res istance of the copper canis
ter s in  the expected geolog ic env ironment , and the 
adequacy of the data descr ibing the poss ible movement o f  
r adionucl ides i n  groundwater when the canister s are 
ult imately breached . These topics are cons idered in th e 
following three chapters of the rev iew . 
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The f ive-volu.e IBS-3 repor t in which the disposal 
p lan is decr ibed, •Pinal Storage of Spent Nuclear Puel , • 
is referred to in th is review s t.ply as IBS-3J its 1978 
two-volume predecessor , •aandling and Pinal Storage of 
Onreprocessed Spent Nuclear Puel , •  is referred to as 
KBS-2 .  References to the IBS technical documents on wh ich 
th is repor t is based are given in the form TR 82-11 , the 
f irst two digits of the number indicating the year in 
which the docu.ent was wr itten . References to standar d 
l iterature are given in the name-date form ( e . g . , Ander
son , 197 9 ) , and co.plete references are listed at the end 
of the review . TwO differences in nomenclature between 
IBS-2 and KBS-3 should be noted : •permeability•  in KBS-2 
( and in the IBS-2 review) is changed to •hydraul ic con
ductivity• in KBS-3 , and the •bentoni te overpack• is 
changed to •bentonite buffer. • Both of these changes are 
in accord with current international usage , and the new 
terms are used in th is review. 
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ADEQUACY 01' TREATMENT OP GEOLOGY AND HYDROGEOCHEMISTRY 

The. d isposal system proposed in the KBS repor ts depends 
for its effectiveness pr imar ily on the long-term integr ity 
of copper can isters sur rounded by bentonite and placed 
deep in crystalline bedrock . Canister integr ity is a 
function of both the nature of the canister mater ial and 
the environment in wh ich it is placed . To demonstrate 
that a satisfactory environment for the can isters will 
exist over the long term r equires showing that ( 1) masses 
of sound bedrock can be found of suffic ient s ize and 
sufficiently low permeabil ity to serve as repos itory 
s ites ; ( 2 )  the character istics of groundwater under 
natural conditions (quantity ,  rate and direction of 
movement ,  and chemical composition) can be predicted and 
w ill not affect a copper canister adver sely ; (3) ground
water movement will not be adversely influenced by con
s truction of a repos itory or by the heat generated from 
the radioactive waste ; ( 4 )  tectonic movement in bedroc k 
w ill not ser iously damage the repos itory;  and ( 5 )  pos
s ible renewed glaciation will not adversely affect the 
r epos itory . Evidence in support of these five conclu
s ions , as mar shaled in the KBS-2 report , was cr itically 
examined in the NRC rev iew of that document and found to 
be generally convincing , although some gaps and weak
nesses were noted . The purpose of th is chapter is to 
take a fresh look at the KBS-2 report conclusions in th e 
l ight of research over the past f ive years .  

REPOSITORY SITES 

Can bodies of crystall ine bedrock be found in Sweden of 
suff icient s ize and sufficiently low permeability to 
serve as repos i tory s i tes? 
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KBS-2 descr ibed exploration at four poss ible s ites 
( Kar lshamn , Krlkemlla , P innsj�n, and Str ipa ) , including 
details of sur face geology, study of cores from deep 
boreholes, geophys ical measurements both on the sur face 
and in boreholes, and measurements of hydraul ic conduc
t ivity at many places in the boreholes . Bedrock at all 
the sites cons ists of gran ite and metaaorph ic rock cut by 
many fractures and zones of crush ing, with relat ively 
h igh permeabil ity in some of the fractures and very low 
permeability in the sol id rock between . The problem at 
each s ite was to determine whether a body of rock existed 
at a depth of roughly 500 m suffic iently free of fractures 
and large enough (cover ing an area of at least 1 km2 ) 
to permit excavation of a repos itory.  TO make such a 
j udgment requ ires geolog ic inference from the sur face 
s tudies and borehole data, and with cur rent technology 
the data so obtained can never be suffic ient to make the 
j udgment with complete confidence . The KBS authors con
cluded that the number and permeabil ity of fractures at 
three of the areas made them questionable as repos itory 
s i tes, but the Kar lshamn area appeared to have a volume 
of sound rock large enough, although barely so , to accom
modate a repos itory.  The NRC subcommittee concurred in 
this evaluation of the geolog ic data . 

The authors of KBS-3 reta in the Kar lshamn s ite (also 
r eferred to as the StirnB s ite) as a good poss ibil ity (TR 
83-56) , and they descr ibe explorat ion in four additional 
areas (TR 83-40, TR 83-52 , TR 83-53 , TR 83-54 , TR 83-55 ) . 
One of the new areas was eliminated qu ickly on the grounds 
that it had too many water-bear ing fractures , but the 
other three looked promis ing enough to warrant a mor e 
deta iled study than had been attempted at Kar lshamn . In 
part icular , more long boreholes were dr illed , most of 
them to depths greater than 500 m, and at var ious angles 
so that they would intersect differently or iented frac
ture zones . This prov ided a par t ial answer to an objec
t ion that had been ra ised regard ing the ear l ier work , 
that the boreholes at Karlshamn were too few to j ust ify 
the attempted geologic extrapolation . Data from the three 
new s ites (Pj illveden , Gidea , and Kamlunge) indicated 
rocks and structures much l ike those at Karlshamn� aga i n 
at these s ites the volumes of relatively unfractured rock 
estimated to be present at appropr iate depths are barely 
l arge enough for repository construction . 

The new studies , l ike the older ones , star t with 
g eolog ic mapping from sur face exposures , a ided by trac ing 
of l ineaments on air  photos , they emphas ize appropr iately 
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the nature and spacing of fracture zones . Based on the 
sur face maps , boreholes can be located and or iented so as 
to intersect fracture zones at var ious depths , mak ing it 
poss ible to construct a reasonably complete three
d imens ional model of the fractur ing . Geophys ical tech 
n iques are used both at the sur face and in boreholes to 
test the properties of ind ividual fractures and crush 
zones and to explore for others ·that may have been m issed 
in the mapping and dr ill ing . Cores from the longer 
boreholes permit deta iled study of rock compos itions and 
textures to depths of 500 m and more . Hydraulic 
conductivities--both specific values for individual 
fracture zones and average values for large volumes of 
rock--are measured by standard techniques on sections of 
the boreholes isolated by packers .  Appl ication of these 
var ious techniques by Swed ish geologists and geophys i
c ists , as descr ibed in KBS-3 and its support ing technica l 
documents , is fully up-to-date and consistent with modern 
practice in other countr ies . 

Thus the KBS-3 authors have apparently accompl ished 
their purpose , wh ich is s imply to show that places can be 
found in Sweden where the bedrock has the necessary 
proper ties for repos itory construction . None of the 
places examined so far is ideal , and active investigat ion 
is under way to f ind better ones . The invest igation i s  
handicapped by the reluctance o f  many property owner s to 
permit deta iled study and dr ill ing .  (Although th is is  
not clear from the wr itten repor t ,  in conversation the 
KBS authors say that often an area that looks especially 
promis ing must for th is reason be passed over for a 
second-best site . ) But the four sites that have been 
s tudied in detail seem sufficiently attractive to ensure 
that , when the t ime comes to actually select a repos itory 
location (at least a decade hence) , a good one will be 
found in Sweden . 

Estimating geolog ic conditions deep underground from 
sur face observations and a few boreholes , even when aided 
by geophys ical data , is always somewhat speculative . 
Deta ils of underground conditions can be ascer ta ined only 
by s ink ing a shaft and explor ing laterally from its 
bottom , and surpr ises are to be expected in such explora
t ion . A skeptic can always f ind grounds for cr iticiz ing 
geolog ic extrapolation 1 but where s ink ing a shaft is not 
practical , there is  no alternat ive to dependence on 
sur face and borehole data . I n  the panel's opinion the 
KBS author s have acqu ired about as much information from 
such data as i t  is practical to obta in and have made a 
good case for the ir conclus ions . 
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The weakest point of the IBS arguaent relates to infer
ences it draws about a.ounts and flow of groundwater over 
long future times from measurements of hydraulic conduc
t iv i ty in intr icately fractured rock. The adequacy of 
the factual bas is for these inferences is examined in the 
next section . 

GROUNDWATER IN ITS NATURAL STATE 

Can the quantity , rate and d irection of movement, and 
chemical compos it ion of groundwater in granitic rock be 
predicted from measurements made on or near the sur face , 
together with data from a few boreholes? 

Groundwater is expected to permeate a repos itory afte r  
i t  has been f illed and sealed , and the preconstruction 
pattern of groundwater flow will reestabl ish itself 
w ithin a t ime that is  shor t in compar ison with the very 
long half-l ives of many of the interred radionucl ides . 
I f  the movement of groundwater is slow ,  the benton ite 
around each can ister should be stable indefinitely , and 
the small amount of water that d iffuses through the 
buffer will have l ittle effect on the copper canisters . 
More r apidly moving water , however ,  might eventually 
erode channels in the bentonite and br ing corros ive 
agents into contact with the copper sur faces . To 
demonstrate that suitable repository sites can be found , 
therefor e ,  requ ires that deta iled information be acquired 
about amounts , movement , and chemical compos it ion of 
g roundwater at each candidate site .  Efforts to obtain 
such informat ion have been a major par t of the KBS proj
ect , ass igned by the KBS staff to geolog ists , hydrolo
g ists , and geophys icists of the Swedish Geolog ical Survey . 

Groundwater movement in granite and other crystall ine 
rocks is largely conf ined to fractures , wh ich commonly 
can be seen to cut the rock in many directions . The rock 
itself has very low permeability ,  but parts of some frac
tures may carry a good deal of water . Studying ground
water movement is thus ch iefly a matter of determining 
the fracture pattern over an area and estimating flow 
rates in individual fractures or groups of fractures . 
The problem is difficult because actual observations must 
be l imited to rock exposures on the ground sur face and to 
measurements in boreholes , and the number of boreholes 
must be kept small to avoid per forating a potent ial 
r epos itory site with too many openings . Observations may 
be supplemented by geophys ical measurements , both on the 
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sur face and in boreholesr but even with a combination of 
the most modern techniques , discerning complex fracture 
patterns at depths of a few hundred meters is subject to 
much uncer tainty . Eventually ,  when an actual repository 
s i te i s  to be explored in detail , s ink ing a shaft and 
dr iving tunnels will make poss ible more accurate mapping 
of fractures and measurements of groundwater flow; bu t 
the prel iminary studies of the KBS project must be car r ied 
out without this advantage . 

The author s of KBS-2 were well aware of the d ifficu l
t ies they faced in predicting groundwater conditions at 
depth from sur face and borehole observations , and cr i t ics 
of the KBS-2 plan identified th is as one of its most 
vulnerable par ts . The NRC subcommittee , after extensive 
review of the technical documents and conver sations with 
the KBS investigator s ,  dec ided that the geological and 
hydrolog ical wor k was well done , that enough conservat ive 
assumpt ions had been made to compensate for the uncer
taint ies , and that the measurements were •adequate to 
ensure that the quantity of water reaching the copper 
can ister s in a well constructed repos itory will not be 
damag ing . •  The additional work reported in KBS-3 is not 
qualitat ively different from that done ear l ier , but the 
methods of measurement have been ref ined and abundant new 
data have been gathered . 

Groundwater conditions at the four new s ites d iscussed 
in KBS-3 (Fjlllveden , Gide& , Svartboberget , and Kamlunge ) 
and at the exper imental site at FinnsjOn have been exten
s ively studied (TR 83-43 , TR 83-45 , TR 83-52 , TR 83-53 , 
TR 83-54 , TR 83-55 ) . A critique of the treatment of 
groundwater flow in KBS-3 involves three questions : ( 1 )  
Are the repor ted measurements of hydraul ic conductivities 
accurate? ( 2 )  Are the interpretations of these measure
ments valid? ( 3 )  Are the numer ical predictions of flow 
rates likely to be reasonably accurate? 

1 .  Measurement of hydraulic conduct iv ity (K) . The 
bulk of the measurements used to estimate values of K 
were made , as in KBS-2, by injecting water into sections 
of boreholes sealed off with inflatable rubber packers .  
The test sections ranged i n  length from 2 to 2 5  m (TR 
8 3-4 5 ) . The value of K for each isolated sect ion , 
expressed in terms of that for an equivalent homogeneous 
porous med ium ,  is inferred by analys is of recorded values 
of the amount of water injected and the t ime var iation of 
pressure in the borehole section . Th is is a standard 
procedure for such measurements . There are potential 
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difficulties with measurements of K made in th is fash ion ,  
but , unless there is a •borehole sk in• effect , er rors 
should not be unreasonably large (TR 82-06 ) . 

The packer tests yield values of K that are r epresenta
tive of the rock in the immediate vicinity of the bore
hole . In  relatively unfractured rock (K values of lo -9 

to lo-ll meter s/second (m/s ) ) ,  the effect�ve radius of 
influence in the tests ranges from 0 . 15 to 1 . 5  m (TR 
8 3-43 ) . To estimate the hydraul ic conductiv ity of larger 
rock masses , an alternative method ,  referred to as an 
• inter ference test , •  was used . In inter ference tests , 
pressure changes in boreholes are recorded as a result of 
injection or  pumping carr ied out in a nearby borehole . 
Such tests were conducted at all four sites but were 
l imited to the upper par t  of the bedrock ( 0  to 150 m) 
because the necessary equ ipment required boreholes of 
large d iameter that could be dr iven only to th is depth , 
at the time when the testing was be ing per formed ( Le i f  
C ar lsson , Swedish Geological Survey , personal com
munication , 1983 � TR 83-4 3 , TR 83-4 5 ) . 

The K value measurements repor ted in KBS-3 are more 
numerous than those in KBS-2 because more deep boreholes 
(to depths of 600  m and more ,  well below the chosen 
repos itory level of 500 m) were dr illed at each s i te .  I n  
the opin ion of the panel , the measurements are consistent 
w i th the current state-of-the-ar t .  With in the l imits of 
current understanding of flow in fractured media ,  the 
measurements themselves can be cons idered accurate . 

2 . Interpretat ion of measured values of K .  The 
values of K are h ighly var iable , as might be expected in 
r ock cut by fractures of varying w idth , varying or ienta
t ions , and varying amounts of secondary filling mater ial 
( ch iefly clay minerals , chlor ite , and calc ite) . For 
sections of a borehole cutting rock in wh ich fractures 
are absent or tightly sealed , K values are at or near the 
l imit of measurement , lo-ll  m/s � for sections with more 
open fractures , values range up to lo-6 m/s or h igher . 
The h igher values in all of the stud ied areas are largely 
l imited to the u�per 300 m ,  below wh ich level values 
g reater than 10- mjs are very few . Th is distr ibution 
has led the Swedish scientists to fit  exponentially 
decreas ing curves to the data on K ver sus depth . The 
curves permit estimates of average hydraul ic conduc
t ivities for d ifferent depth ranges in the rock , but many 
po ints dev iated cons iderably from the averages indicated 
by the curves . 
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One can question the meaning of such averages , on the 
g rounds that all or near ly all of the flow represented by 
an • average• for a g iven rock thickness might be concen
trated in a few h ighly conductive fractures . I f  a 
repository were intersected by such fractures , it migh t 
conceivably be damaged by the concentrated flow even 
though the predicted • average• flow was suitably small . 
Damage from such flow seems unlikely , however , because 
measured hydraulic conductivities in the depth range 4 0 0  
to 6 0 0  m ,  even for the mo s t  conductive fracture zones , 
are nearly all less than lo- 8 m/s . on the assumpt ion 
of  a hydraulic gradient of 0 . 1  percent for these depths 
(estimated from the leveling-out , with depth , of gradients 
observed near the sur face) , the conductivity would � ive a 
flow rate of only 0 . 3  liters/square meter/year ( 1/m /yr ) . 
A more conduct ive fracture or fracture zone would pre
sumably either be sealed or avoided in selecting the 
location for the repos itory . The exponential curves and 
the estimated average hydraulic conductivities seem a 
r easonable interpretation from the measured K values-
provided , of course , that the uncer ta inties are recog
n ized and conservative values are used . 

One cr iticism of the treatment of K values in KBS- 3 
r elates to the inter ference tests . Although these tests 
were evidently per formed at each site ,  the data are not 
presented or discussed . I f  the •average • values of K 
indicated by the exponential curves are a val id represen
tation of the large-scale , three-dimens ional flow in 
granite , then the values of K der ived from inter ference 
tests should be close to those predicted by the regres
s ions . In the only publ ished compar ison of values 
der ived from the two methods of testing , at the Studsvik 
exper imental site ,  hydraulic conductivities g iven by 
inter ference tests were considerably larger than those 
given by packer tests (TR 82-1 0 ) . All more recent work , 
however , indicates excellent agreement between results of 
the two methods . Th is includes unpublished analyses of 
measurements at the four recently studied s i tes (Bans 
Car lsson , KBS , personal communication , 1984 ) and an 
additional unpubl ished study at the Str ipa exper imental 
facility (Leif  Car lsson , Swed ish Geological Survey , 
personal communication , 1983 ) . 

Thus in five of six compar isons between the two 
methods , agreement is repor ted to be satisfactory . On 
the bas is of these repor ts ,  but without the oppor tunity 
of  check ing the actual data , the panel cons iders that the 
KBS interpretation of the measured hydraul ic conductiv i 
t ies is reasonable . 
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3 .  Numer ical predict ion of flow rates . Groundwate r 
f low r ates under natural condit ions are pred icted in KBS-3 
by us ing a three-dimens ional f in i te-element approximat ion 
to solve the governing equation (KBS-3 , p. 6 : 1/21 1 TR 
83-4 5 ) . This equation ( i . e . , the theory beh ind the 
calculations) assumes that Darcy ' s  law prov ides a val id 
descr iption of flow in fractured gran i te .  The assumption 
is that a large mass of granite with an interconnected 
networ k of fractures will , in fact , behave l ike a porous 
medium i f  the spatial scale is large enough . The panel 
agrees that th is assumption is r easonable for a rough 
calculation of d ischarge per unit area ( •oarcian veloc
i ty• ) through a reg ion . However ,  the application of such 
calculations to actual veloc i t ies in fractures is prob
lematic because of the diff iculty of accurately estimating 
the •effective poros ity• assoc iated with the hydraul ically 
connected , conduct ing fr actures . 

The use of f in i te-element models in groundwater hydrol
ogy is by now almost rou t ine . They can be used for accu
r ate calculations of groundwater flow if ( 1 )  the under
lying theory (Darc ian flow )  is valid J ( 2 ) the hydraulic 
proper ties of the medium (most impor tantly , conductivity)  
are specif ied cor rectly , (3)  the boundary condi tions 
( impervious basements , flow d ivides , and so on) , including 
the geometry of the boundar ies , are known 1 and ( 4 )  the 
e lements are of an appropr iate s ize and shape to yield an 
accurate numer ical solution . The f i r s t  two items have 
been discussed above . Geolog ical boundar ies can almost 
never be spec i f ied w i th great prec is ion , and so add it ional 
uncer ta inty , over and above that caused by d i f f iculties 
in measurement and interpr etat ion of K values , is intro
duced by th is incomplete knowledge . Finally , because of 
computer l imitations , the element gr id used in KBS-3 was 
r ather coarse . In  some cases , th is r esulted in a phys i
cally implaus ible solut ion ( i . e . , one in wh ich conserva
t ion of mass of groundwater was v iolated) and/or in 
failure of computed groundwater trajector ies to be 
cons istent with the specif ied boundary cond i tions (TR 
83-4 5 ) . 

S imilar problems beset all effor ts to model ground
water flow . TO calibrate and val idate numer ical models , 
extens ive f ield data are needed , espec ially data on 
groundwater heads over time . Such data wer e  not ava i lable 
pr ior to preparation of the KBS plan . Thus the calculated 
r esults must be regarded as no more than semiquant i ta t ive . 
The lack of prec ise number s ,  however , is not ser ious for 
purposes of safety evaluation . Th is  can be illustrated 
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by relat ing flow rates to hydraulic conductivities and 
hydraul ic gradients in a s imple application of Darcy ' s  
law . Average hydraulic conductivities ( from the packer 
tests ) lie  between 10-8 and lo-10 m/s ; hydraul ic 
gradients at repos itory depths are lower by 1 or 2 orders 
of magnitude than surface slopes , which in the subdued 
topography of eastern Sweden are unl ikely to be greater 
than 10 percent . For var ious combinat ions of these two 
var iables ,  Darcy ' s  law g ives the flow rates shown in 
Table 2-1 . Now the flow rates calculated by the model 
for the different areas l ie between 0 . 0 1  and 0 . 06 
1/mf/yr . As Table 2-1 shows , to get flow rates 
substantially h igher than these values would require 
unreal istic combinations of  gradient and conductivity . 

Thus , in the Panel ' s  opinion , the flow rates cal 
c ulated i n  KBS-3 , although subject to a good deal of 
uncertainty , are der ived by reasonable methods of 
calculation us ing the ava ilable data . 

Studies of groundwater chemistry , l ike studies o f  
g roundwater motion , have added little that is new between 
KBS-2 and KBS-3 , but they have introduced s igni f icant 
r efinements of method and have added greatly to the data 
base (KBS-3 , p. 7 : 1/10 ; TR 8 3-3 4 ) . Espec ially notable 
have been effor ts to improve and check measurements of Eh 
( redox potential ) , a notor iously difficult and often 
unreliable par t of water analys is ( TR  83-40) . By com
par ing readings obta ined with two k inds of electrodes , 
platinum and amorphous carbon (gold was also tr ied , but 
found to be subject to sulfide poisoning ) , and by check
ing the readings against Eh values calculated from 
overall groundwater compos ition , the KBS author s have 
ver i fied that their l isted Eh values are meaningful . 

TABLE 2- 1 Flow Rates or Flux ( l/m2/yr ) as a Function 
of Gradient and Hydraulic Conductivity 

Grad ient 

1 . 0 \  
0 . 1\ 
0 . 01\  

Hydraul ic Conductivity 
lo-10 m/s lo-9 m/s 

3xlo-2 

3xlo-3 

3xlo-4 

3xlo-l 

3xlo- 2 

3xlo-3 

3 
3xlo- l 

3xlo- 2 
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Measurements o f  d issolved sulf ide , made rapidly with a n  
Ag/Ag2 S e lectrode , have l ikewise been compared to 
r esults from t i tration and found to be valid and r epl i
cable . The extent to wh ich samples may have been 
contaminated by dr i l l ing fluid , even after lengthy 
f lush ing of the water sources , was checked by analys i s  
for iod ide added as a tracer to the water used for 
dr ill ing .  The many new analyses for granitic bedrock i n  
the four r ecently studied areas (TR 83-17 , TR 83-19 , TR 
83-41 , TR 83-59 , TR 83-7 0 ) , car r ied out with these several 
improvements , cor roborate ear l ier wor k .  Except for a 
very few aber r ant f igures , values of pH l ie between 7 . 5 
and 9 . 5 ,  of Eh between 0 . 0 and -0 . 3 volt , of as- below 
0 . 1 mg/1 , of Fe2+ between 0 . 1  and 7 mg/1 , and of total 
organ ic carbon between 2 and 7 mg/1 . The un iformly 
s l ightly alkal ine and sl ightly r educ ing character of 
groundwater from depths of a few hundred meter s in 
Swed ish bedrock seems abundantly conf irmed . The water is 
in equ i l ibr ium with its bedrock env ironment , in the sense 
that the concentrations of s il ica and the major cations 
( Na+ , � ,  ca++ , and Mg++ ) are w ith in the f ields of 
stab ility represent ing equ il ibr ium w i th the common altera
t ion miner als found in the fractures and cr ush zones 
(kaol in i te ,  ch lor ite , smect i te ,  laumontite , and calc i te )  
( TR 83-59) . 

I n  summary ,  wor k on groundwater dur ing the past f ive 
year s has added substant ially to suppor t for the con
c lus ion that r easonable est imates for the quantity ,  rate 
of movement ,  and chemical character of groundwater a t  
depths of a few hundred meters i n  crystall ine r oc k  can be 
made from careful geolog ic mapping at the sur face , logg ing 
of boreholes , examination of dr ill cores , a full panoply 
of geophys ical tests , measurements of hydraul ic conduc
t ivity ,  and chemical analyses of many samples .  Uncer
ta inties still r ema in about interpretation of the widely 
var iable values for hydr aul ic conductiv i ty and about the 
val id ity of us ing Darcy ' s  law for calculat ing flow in 
fractured rock 1 but the uncerta inties have been nar rowed 
by compar ing r esults of different measurement methods , 
and they can be par t ially compensated for by use of con
servat ive values . The panel agrees with the KBS sc ien
t is ts that the accumulated ev idence at most of the s i tes 
selected for deta iled study points strongly to groundwater 
behavior and groundwater compos it ion favorable to the 
location of waste repos itor ies of the k ind env is ioned i n  
the KBS-3 plan . 
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EFFECTS OF REPOSITORY CONSTRUCTION ON GROUNDWATER 

Can adequate pred ictions be made of the effect on 
groundwater movement of d is turbances caused by a 
r epos itory, par ticular ly the fractures due to blasting 
dur ing excavation of shafts and tunnels and the heating 
caused by the bur ied waste? 

Constr uction of a r epos itory will necessar ily d isturb 
the natural flow of groundwater , and the question ar ises 
a s  to whether the d isturbance will pe r s ist , after the 
repos itory is closed , in a form ser ious enough to affec t 
the bur ied can ister s . Par t of the KBS des ign for a 
repos i tory is the use of a bentonite-sand mixture for 
back f ill , wh ich is intended to have a hydrau l ic conduc
tiv i ty comparable with that of the or ig ina l rock . I f the 
back f i ll behaves as expected , the long-term effect of the 
repos i tory on groundwater flow should be small . (The 
effectiveness of benton ite as a bar r ier in back fill and 
seals is cons idered more fully in the section in Chapter 
4 ,  •Retardation in the Near-Field . • )  

Questions are still per tinent , however , about poss ib l e  
i ncr eased flow of groundwater through the r oc k  mater ial 
adjacent to shafts and tunnels that was fractured by 
b lasting dur ing construct ion , and about poss ible thermal 
convection cells set up by heat from radioact ive mater ial 
in the can ister s .  Both questions were treated at length 
in KBS-2 ,  and little new has been added in the wor k  for 
KBS-3 .  Oral statements by KBS per sonnel (September 1983 ) 
ind icated that recent exper imental wor k at Str ipa has 
ver if ied ear l ier pred ictions that the very localized 
fracture enhancement near shafts and tunnels would not 
g reatly compromise the low hydraul ic conductivities of 
the rock matr ix and thereby d isrupt the ex isting reg iona l 
f low . A recent study of thermal circulation by means of 
a mathematical model (TR 80-19 ) suppor ts KBS-2 estimate s  
that the l ow  planned temperature of a KBS r epos itory 
(max imum des igned temperature of 80°C)  would not be 
sufficient to cause appreciable convect ion . The calcu
lat ions indicate , in fact , tha t movement of groundwate r 
in a repos itory located beneath a h ill  would actually be 
slowed by a slight increase in temperature . 

The panel agrees with the ear l ier NRC subcommittee 
that a good case has been made for lack of adverse effects 
on the natural movement of groundwater caused by the 
presence of a repos i tory . 
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TBC'l'OHIC STABILITY 

Can areas of bedrock be found in Sweden where the 
poss ibil ity of tectonic .avement that aight damage a 
r epository is negl igible? 

The crystall ine bedrock of Sweden is par t of the 
Baltic Sh ield , a large area of Preca.br ian rock that is  
generally recognized as one of the .oat stable par ts of 
the ear th ' s  continental crust . Large faults with spacing s 
of k ilometers cr iss-cross the sh ield , cutting it into 
blocks w i th in wh ich fractur ing is minor . Displacement on 
the faults , both major and ainor , records .oveaent that 
was largely coapleted in Preca.br ian time ,  more than 600 
m ill ion years ago . More recent .ovement in bedrock has 
been restr icted to small d isplacements along soae of the 
old faults : in effect , the blocks show some evidence of 
jostl ing about over geolog ic eons , but inter iors of the 
blocks have been largely unaffected . Present-day ear th
quakes in Sweden are few and small ( Richter magnitudes 
seldom greater than 4 ) 1 and where resulting fault d is
placement from individual quakes can be found , it is  
l imited to a few centimeters , again on a few of  the 
anc ient fault l ines . From such evidence , the KBS- 2 
authors concluded that repos itor ies placed well with in 
the stable blocks are in l ittle danger of d isrupt ion by 
tectonic movement--e i ther slow deformation or the sudden 
d isplacements accompanying ear thquakes--and the ear l ier 
NRC subcommittee agreed that evidence for the conclus ion 
was convinc ing . 

Research in the last f ive years has only fur ther con
f irmed the essential stability of Swedish bedrock . Much 
attention has been g iven to movement of some of the 
blocks over the past few hundred thousand year s resulting 
f rom the melting of success ive Pleistocene ice sheets and 
the consequent per iodic release of bedrock from the load 
o f  3-km-th ick masses of ice (KBS-3 , p .  8 : 14/19 1 TR 83-57 , 
TR 83-5 8 ) . Interest has also focused on attempts to 
r elate fault movements and measured bedrock stresses in 
Sweden to large-scale movements of crustal plates , par 
t icular ly to poss ible compress ion of the Scandinavian 
pen insula aga inst the Balt ic Sh ield by plate movement 
away from the Mid-Atlantic Ridge (Blth , 1983 ) . Blth also 
r eviewed recent wor k on seismic r isk : he est imated the 
magni tudes of poss ible future ear thquakes for many areas 
cover ing 1°  lati tude by 2° long itude and found for the 
most act ive of such areas maximum expectable magn itudes 
of 5 . 1  over a per iod of 100 years and 6 . 4  over 500 years . 
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For mos t of the areas , the est imated extreme magnitude s 
are much smaller . Blth r ecommended that waste repos i
tor ies should be located away from active fracture zones , 
and he suggested a depth of 1400 m rather than the 500  m 
planned by KBS , on the grounds that seismic waves show a 
mar ked incr ease in veloc ity at about th is depth and thus 
imply a decrease in rock fractur ing . Blth noted also 
that seismic act iv ity is  concentr ated in a zone r unning 
nor th-nor theast through central and eas tern Sweden , close 
to the Baltic shore nor th of Stockholm . I t  is doubtful 
that ear thquakes would apprec iably damage a repos itor y 
built with in a stable block , even if  it  were located in 
th is seismic zone (as i t  would be at Gidel or Kamlunge) , 
but the very sl ight r isk could be avoided by plac ing the 
repos itory near the less seismic southeastern coast ( for 
example , at Kar lshamn or Fj�llveden) . 

A pr inc ipal cr itic of the KBS-2 repor t was N . -A .  
MBrner , who cla imed that ev idence for the tecton ic 
stability of Sweden was far from conv inc ing ( KBS TR 18 )  • 

He based h is skept icism ch iefly on many years of s tudy of 
the levels of old mar ine ter races . The unload ing of 
Scand inavia by the melting of the last Pleistocene ice 
cap has resulted in a slow elevat ion of the land with 
r espect to sea level , an elevat ion r ecorded in terraces 
mar k ing old stands of the seashore .  M6rner ' s  study o f  
the terr aces enabled h im t o  follow deta ils of the upl ift . 
He concluded that the upl ift could not be ent irely 
expla ined by glacial r etreat and that it must also 
involve a tectonic component of unknown or ig in that i s  
s till act ive . This led h im to look for ev idence of 
recent tecton ic act ivity , and he thought he could see 
such evidence in small faults cutt ing glac iated sur faces 
and huge blocks of bedrock in some glac ial mora ines . I n  
MBrner ' s  view ,  Sweden has been act ive tecton ically s ince 
the end of glac iat ion , and such activity will be 
heightened in the next glacial per iod ,  so that locating 
waste repos itor ies in Swedish bedrock would be foolhardy . 

I n  the interven ing f ive year s , Marner has g iven no 
fur ther express ion to h is skept ical opin ions . The pane l 
had no oppor tun i ty to interv iew h im ,  and inqu ir ies of 
other Swed ish sc ient ists elic ited only the speculation 
that he had e i ther changed h is v iews or tired of urg ing 
them in the face of stead ily mount ing contrary evidence . 
I t  may also be , however , that MBrner feels par tly j us
tif ied by a change in the cl imate of opin ion in Sweden . 
Blth ( 1983) noted , for example , that most Swed ish 
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sc ient ists a decade or so ago ascr ibed all the post
P leistocene upl ift of Scand inav ia to glac ial unload ing , 
whereas they are now r eady to admit a tectonic contr ibu
t ion in some obscure way related to plate movements . 
Other recent stud ies (TR 83-57 , TR 83-5 8 )  have also shown 
that �rner is cer tainly r ight in his  ins istence on some 
late Quaternary d i f ferential movement in bedrock . The 
best ev idence for such movement comes from far nor thern 
Sweden , where scarps cutt ing glac ial depos its record ver 
t ical d isplacements of up to 30 m in fa i r ly recent geo
log ic time .  The movement for the most par t  is along old 
f r acture zones , although some smaller fractures have cut 
fresh rock . Interpretation of the precise timing and 
n ature of the movement is uncertain . Blth speculated 
that this is a reg ion where plate mot ion eas tward from 
the Mid-Atlantic Rift abuts motion southward from r ifts 
in the Arct ic Ocean . In any event , these faults are far 
f rom any of the stud ied repos itory s i tes except Kamlunge , 
and no post-Ple istocene d isplacements near ly th is large 
are known in other par ts of Sweden . Despite these 
exceptional faults in the far nor th , there seems no longer 
to be any expressed d issent among Swed ish sc ient ists to 
the preva il ing view that the r isk of tecton ic d isturbance 
to a proper ly located r epos itory is negl ig ible . The panel 
regards th is view as well founded . 

More deta ils about post-Ple istocene tecton ic movements 
would cer ta inly be des irable . The probability of futur e 
d isturbance could be better est imated , for example ,  if i t  
were known whether the dominant k ind of fault movement i s  
normal d ip-slip,  r everse , o r  str ike-slip .  Bath noted 
that such informat ion is hard to obta in , because Swed ish 
ear thquakes are so small and seismographs so widely spaced 
that good first-mot ion data are very scarce . He hazarded 
a guess , based on recent wor k , that str ike-sl ip movement 
may be the commonest k ind , at least for the larger quakes , 
but c i ted other ev idence from a few faults for rever se 
movement on steep eastward-d ipping planes . Addit ional 
s tudies of th is sor t would be of much scient i f ic interest , 
but i t  seems doubtful that they would add a great deal to 
the cur r ent assurance that future tecton ic activ ity will 
be too feeble to harm a repos itory . The panel conclude s 
that the assurance is  adequately suppor ted by cur rently 
ava ilable ev idence . 
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GLACIATION 

Can the effect on a repos itory of renewed glac iation 
be shown to be negl igible? 

Development of another ice sheet in Scand inavia is 
probable dur ing the next few tens of thousands of year s , 
and its poss ible effect on a waste r epos itory was con
s idered in great deta i l  by the author s of KBS- 2 .  Not 
only were the expectable sur face eros ion and depos it ion 
by the ice and its accompanying meltwater & a subject o f  
exhaustive study , but also the effects on groundwater , 
the effects of the we igh t of ice on bedrock at depth , the 
bowing down of the land suface beneath a th ick ice cap 
and the consequent probable incur s ion of seawater , and 
the generation of ear thquakes by the sh ifts in mass as 
the ice waxed and waned . The gener al conclus ion was tha t 
a repos itory , proper ly located and constr ucted , would not 
be adver sely influenced by any of the phenomena accompany
ing advance and retreat of an ice sheet , or even by the 
many advances and retreats that can be antic ipated dur ing 
the next mill ion year s .  In  their  rev iew of KBS-2 ,  the 
NRC subcommittee found that the Swed ish sc ientists had 
mus tered impress ive suppor t for th is conclus ion . Li ttle 
new has been added in the past five year s , and ther e 
s eems no point in r epeating the rev iew of old mater ial 
here . 

One poss ible question was s ingled out by the subcom
mi ttee as need ing further attent ion . I f , dur ing glac ial 
r etreat , a th ick front of melt ing ice stands for a t ime 
d irectly over a repos itory , migh t the huge volumes of  
water , under heads poss ibly as great as the th ickness of  
the ice itself , alter the groundwater reg ime suffic iently 
to change the flow at r epository depths? Us ing data from 
ex ist ing glac ier s , one can add deta i ls to the model . 
Presumably , there would be a steep ice front 15 to 3 0  m 
h igh , then an ice sur face sloping upward at an angle of 
no more than 10°  to the central par t  of the glac ier , 
where i t  would probably be 1 to 2 km th ick . The 
hydraul ic head in the frontal area of an act ive glacier 
may reflect the he ight to the top of the ice , as demon
s tr ated in some valley glac iers by large quantities of 
water drain ing into ver tical cyl indr ical holes through 
the ice . The glacial front would fluctuate from year to 
year , but migh t rema in in the general vicin ity of the 
r epos itory for many decades .  Now i n  such c i rcumstances 
might groundwater flow increase enough to erode bentonite 
a t a depth of 500 m? Could oxygen be introduced from the 
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sur face , lead ing to accelerated cor ros ion? I f  some 
canister s are breached ear ly , could r ad ionucl ides be 
brough t to the sur face rapidly in large quantity? Such 
possib ilities seem remote , but to prove them completely 
out of the question is difficult . 

The KBS scientists further cons idered the influence of 
the ice front , in an effor t to der ive poss ible conse
quences and to set rough l imits , but they concluded that 
loosely constra ined var iables are so numerous that the 
e ffor t is futile ( Le i £  Car lsson , Swed ish Geolog ical 
Survey , personal communication , 1983 ) . As the Swed ish 
wor kers po int out ,  s ince the necessary comb inat ion of 
c ircumstances is so very spec ial , s ince the c i rcumstance s 
would not ar ise for tens or hundreds of thousands of 
years ( after the more active rad ionucl ides would have 
decayed) , s ince the l ikel ihood of adver se effects is 
small , and s ince escaping rad ionucl ides would be enor
mously d i luted , the poss ib ility of unacceptable exposur e 
to a remote future generation from th is cause seems 
entirely negl ig ible . The panel agrees with th is 
assessment . 
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ADEQUACY OF TREATMENT OF THE PHYSICAL AND CHEMICAL 
STABILITY OF THE CANISTERS AND BUFFER 

Copper canister s enclosed in a buffer of compacted 
benton ite are the essent ial feature of the Swed ish plan 
for d isposal of spent nuclear fuel . The comb inat ion of 
canister s-plus-buffer is conf idently expected to resist 
mechan ical d isturbance and chemical attack for at least a 
million year s .  I f  the analys is suppor ting th is expecta
t ion is sound , other par ts of the disposal plan are of 
secondary impor tance : the bedrock in wh ich the can ister s 
will be placed serves only the funct ions of provid ing a 
s table and chemically benign env ironment and insur ing 
aga inst rapid transpor t of rad ionucl ides in the very 
unl ikely event of ear ly canister fa ilure . The central 
role of can ister s-plus-buffer has not changed between 
KBS-2 and KBS-3 . A few deta ils have been altered : the 
th ickness of can ister walls has been reduced from 0 . 2  m 
to 0 . 1  m ;  f i l l ing the can isters with copper rather than 
lead is proposed as a poss ible alternat ive ; and add ing 
ferrous phosphate to the back fill  as a reductant is no 
longer advocated . Per formance est imates of the can ister s 
and compacted benton ite have been suppor ted by more 
elabor ate analyses and laboratory test ing . But the 
sal ient features of th is part  of the d i sposal plan r ema in 
the same , and the r ev iew of these features in the previous 
NRC repor t needs only minor supplement ing here . The 
impor tant task in the present review is to judge how wel l  
the newer work  suppor ts and r emed ies weaknesses in the 
techn ical bas is for the or ig inal conclus ions about 
durabil ity of can ister s and benton ite . 

Major cons iderat ions are the feas ib ility of can iste r 
constr uct ion , the mechan ical behav ior of can ister s 
enclosed in compacted benton ite , the res istance of th e 
canister s to cor ros ion and to stress-cor ros ion crack ing , 
and the ab il ity of the benton ite buffer to control access 
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o f  cor ros ive agents i n  the groundwater to caniste r 
sur faces . 

FABRICATION OF CANISTERS 

Can copper canister s of the proposed sor t  be fabr icated 
us ing state-of-the-ar t technologY? 

I n  the KBS- 2 plan , can ister s with walls 0 . 2  m th ic k 
were to be formed by forg ing cast ingots of oxygen- free 
h igh conduct ivity (OFHC ) copper , establ ish ing a su itable 
g rain s ize , and mach in ing both ins ide and outs ide to close 
d imens ional tolerances . The th ick walls were des igned to 
m in imize gamma-ray r adiolys is of water at the can ister 
sur face and to insure aga inst penetration by deep pit
cor ros ion . More recent stud ies have shown that r ad iolys is 
is adequately controlled by smaller th icknesses and that 
pit  corros ion is slower than or ig inally thought J  the 
planned th ickness has accord ing ly been cut to 0 . 1  m. The 
method of forming the can isters rema ins the same , and its 
feas ibil ity has now been demonstrated at full scale in 
Swed ish metal-work ing plants ( KBS-3 , p. 4 : 6/l4 J TR 83-2 0 ) . 

I n  KBS-2 , after fue l rods were placed in a can ister , 
the space around them was to be f i lled with molten lead , 
and a copper l id in thr ee layers was to be sealed in place 
by electron-beam weld ing . Use of th i s  procedure with 
can ister walls 0 . 2  m th ick was beyond the state-of-the-ar t 
at  the t ime of KBS-2 ,  and some quest ion rema ined about 
its feas ibility ,  but now that the th ickness is smaller , 
i t  is well with in known industr ial capabil ity .  All steps 
in the process have been demonstrated using s imulated 
fuel rods , and procedures for evaluat ing the welds and 
for qual ity assurance in the whole operation have been 
spelled out and tested in pract ice ( KBS-3 , p . 10 : 5 J  TR 
8 3-20 , TR 83-2 5 , TR 8 3- 3 2 ) . An attract ive alternat ive 
process is  descr ibed in KBS-3 . I nstead of molten lead , 
copper powder would be used to f ill the rema in ing space 
in the can ister s ,  after wh ich they would be sealed and 
the copper powder compacted by hot- isostat ic press ing . 
This process uses a comb inat ion of h igh temperature and 
isostatic gas pressur e (usually an inert gas ) , and would 
produce , in effect , a sol id mass of copper around the 
fuel rods . Hot- isos tatic pr ess ing is a widely used 
i ndustr ial process ,  and ex ist ing fur naces in Sweden are 
large enough to accommodate the 0 . 8-m d iame ter proposed 
for the can ister s .  So far as the panel is aware , no 
exist ing fur naces are tall enough to handle the 4 . 5-m 
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height of the canister s , but there is  no known functiona l 
r eason why these could not be bui l t .  Although not yet 
demonstrated at full scale , the proposal to fill  the 
can isters with copper powder followed by hot- isostatic 
press ing seems reasonable . Whether th i s  method or the 
molten lead method will ultimately be favored rema ins 
uncerta in ,  but KBS sc ient ists in conversation ( Septembe r 
1983)  expressed a preference for the copper powder method . 

MECHANICAL CAPABILITY 

I s  the mechanical capability of the can i ster s-plus-buffer 
suff icient to withstand remotely poss ible tecton ic 
d isplacement? 

Canisters of e ither type , filled with lead around the 
fuel rods or f illed with copper powder and isostatically 
compressed , are sol id cyl inders of metal 4 . 5  m long and 
about 80 em in d iameter . They will be placed in ver t ica l 
holes , with a d iameter of 1 . 5  m and a depth of near ly 8 
m ,  dr i lled in the floor s of tunnels in sol id rock . The 
holes are to be l ined with shaped blocks of compacted 
bentonite , and each hole will be capped with a cover o f  
concrete o r  gran ite . The benton ite will swell as water 
seeps into the holes , eventually fill ing all open spaces 
and exert ing an external pressure on the can isters 
est imated to be 10 to 15  MPa . (One megapascal (MPa ) 
equals 10 bar s equals 9 . 87 atmospheres equals 1 4 5  ps i ) . 
The canisters plus bentonite , from a mechan ical stand
point , will be effectively a par t  of the rock . 

A quest ion then ar ises as to how effectively th i s  
combinat ion would res ist a d isplacement o f  the rock 
result ing from fault movement .  The wor st imag inable cas e 
would be a hor izontal fault cutt ing many can ister s in an 
array roughly at the ir mid-points . I f  the d isplacement 
i s  slow ,  the copper and

.
benton ite would presumably be 

malleable enough to adj ust to the de format ion withou t 
ser ious r upture . But a sudden movement , as in an 
ear thquake , might well fracture both the bentonite and 
the can ister s and provide access for groundwater to the 
fuel rods of many can ister s--j ust as the open ing of a 
fracture anywhere in the rock would fur nish a new channel 
for groundwater flow . I n  the opin ion of Roland Pusch , 
the Swed ish author ity on benton ite , th is poss ibility i s  
the most ser ious weakness of the KBS plan (Roland Pusch , 
Un ivers ity of LuleA , per sonal commun icat ion , 1983 ) . For 
the th ick-walled can ister s of KBS-2 , Pusch est imated tha t 
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a sudden displacement of not much greater than 0 . 03 m 
m ight be enough to cause ser ious damage , for the th inner
walled can isters of KBS-3 , he would reduce the est imate 
to 0 . 0 1  m (TR 83-4 7 ) . He hopes to dev ise a full-scale 
exper iment for testing h is est imate s of the mechanica l 
r esponse to var ious k inds of deformat ion of canisters 
enclosed in bentonite . 

Wh ile agree ing with Pusch that uncer ta inty about the 
response of tightly held can ister s to sudden d isplacement 
i s  a real weakness in the KBS program,  the panel notes 
that the probab il ity of rock movement in prec isely the 
r ight or ientation and of the r ight magn itude and sudden
ness to do apprec iable damage is exceed ingly s l ight . 
Ear thquakes in Sweden are uncommon , and r ecorded rock 
d isplacements of the last mill ion years that can reason
ably be ascr ibed to ear thquake activity are near ly all 
a long planes that are steeply incl ined rather than hor
i zontal . Steep or ver t ical d isplacement would be less 
damag ing to ind iv idual can ister s ,  and would affect only a 
small number . The poss ibility that ear thquake movement 
might damage many can ister s in a repos i tory somet ime in 
the next mill ion year s cannot be entirely d iscounted . 
Pusch is r ight in noting the poss ibil ity and seek ing to 
bound its effects exper imentally , but the panel r egards 
the poss ibil ity as too remote to const itute a ser iou s 
d r awback to the KBS plan . 

CORROSION RESISTANCE 

W i ll the can ister s have suffic ient cor ros ion resistance 
to prevent contact of groundwater with waste for a 
m i l l ion years? 

Copper is  thermodynamically stable in pure water under 
the proposed repos itory conditions , but groundwater in 
Swed ish bedrock is far from pur e .  Analyses of water 
samples from the s ites under investigation show enough 
potentially cor ros ive solutes to make quest ionable the 
abil ity of the can isters to surv ive for very long times 
i f  they were to be placed s imply in contact with mov ing 
groundwater . The argument for min imal cor ros ion over 
hundreds of thousands of year s is thus based , not on the 
thermodynamics of an unr eact ive meta l in contac t with 
r elatively ben ign groundwater , but on the control of 
poss ible cor ros ive agents by the benton ite buffer and by 
r eact ions of the groundwater with bedrock . 
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The argument in KBS-3 follows the same l ines as i n  
KBS-2 ( KBS-3 , p .  10 : 8/15) . The water that eventually 
makes contact with can ister sur faces is the groundwate r 
commonly found at  depth in gran i t ic rocks , its compos i t ion 
only sl ightly mod i f ied by the benton ite buffer . I t  is  
kept pract ically stat ionary w ith in the buffer , and mot ion 
of solutes to and from the can ister sur faces is l imited 
to slow d i ffus ion through �. 3 5  m of benton ite .  The 
pr inc ipal oxid iz ing agents of concer n are d issolved 
oxygen and hydrogen ion in the presence of sulf ide (the 
hydrogen ion be ing capable of ox idiz ing copper i f  th e 
r eact ion is dr iven by the extreme insolub ility of cuprous 
sulfide ) . D issolved oxygen will  be s ign i f icant for a 
t ime after repos itory closure ,  because of res idual a i r  in 
all unf illed open ings and in interstices of the back f i l l 7 
but a fter natural groundwater cond it ions are r eestab
l ished , d issolved oxygen content will  be kept very low by 
r eact ion with minerals conta in ing fer rous ion in the 
sur round ing rock . Sulf ide is low in the natural ground 
water because of react ion w ith fer rous ion to form 
insoluble fer rous sulf ide , but dissolved sulf ide can for m 
in apprec iable amounts by bacter ial reduct ion of sulfate 
if organ ic mater ial is pr esent as nutr ient for the 
bacter ia . Sul fate is one of the prominent ions in the 
groundwater ( up to 15 mg/1 ) , and enough organic matter i s  
commonly present ( 2  to 7 mg/1 )  to be a potential source 
of 1 or 2 mg/1 of sulf ide ion 7 add it ional sulfate , sul
f ide , and organ ic matter may be present as impur ities in 
the benton ite . Dissolved sulf ide can be kept low by 
oxidative preheat ing of the benton ite to remove most o f  
the sul f ides and organ ic matter , by us ing benton ite with 
a low content of sulfate , and by slowing access of ground
water from the back f ill in tunnels above the can ister s by 
plac ing a cap (copper , granite , or concrete )  on each 
can ister hole . These methods of control are est imated to 
be effect ive enough to l imit the amount of copper con
ver ted to ox ide or sulf ide in a mill ion year s to no mor e 
than 3 0  kg per can ister (out of a total s ingle can ister 
we igh t of about 20 , 000  kg ) (TR 83-24 ) . 

Other poss ible ox idiz ing agents ( sulfate act ing 
d irectly , nitrate , n itr ite ,  and hydrogen ion in th e 
presence of chlor ide ) are r ead ily shown to be un impor
tant , e i ther because of low concentrat ions or because o f  
extr eme slowness o f  reaction at temperatures below 8 0 °C . 
Another poss ibil ity is ox idat ion by products of rad ioly
s is of water at can ister sur faces (oxygen and perox ides , 
produced together with hydrogen ) . Calculat ions show , 
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however ,  that the amount of gamma radiat ion penetrat ing 
0 . 1  m of copper would be capable of forming only enough 
rad iolytic ox idants to comb ine with about 10 kg of coppe r 
in a mill ion year s ,  even i f  no r ecomb inat ion of the 
r ad iolys i s  products is assumed . 

One s ign i f icant d i fference between KBS-2 and KBS-3 is 
the planned mix ing of ferrous phosphate with the back fill 
mater ial in the former and its absence in the latter . 
Ear l ier , the add ition was intended to ensure that ground
water in the r epos itory would r emain r educ ing . Omiss ion 
of the reduc tant in KBS- 3 is in par t the result of cal
culations showing that fer rous ion der ived from iron 
m inerals in the bedrock is suffic ient to ma inta in reduc
i ng cond it ions , and in par t  a response to concer n  that 
add i t ion of yet another chemical spec ies to the reposi
tory env ironment would compl icate its  chemistry unduly 
(TR-83-3 6 ) . 

I n  assess ing the potential effects of cor ros ion on the 
copper can ister s ,  the KBS-3 repor t cons istently takes a 
conservat ive stance , generally more conservat ive than the 
stance in KBS-2 .  Examples of the conservat ism are as 
follows : 

1 .  Oxidat ion of copper by d issolved oxygen can 
proceed only at h igh redox potent ials (ca . +SO mV) , 
whereas oxidat ion by hydrogen ion in the pr esence of 
sulf ide requ ires much lower potentials ( less than - 2 0 0  
mV) J yet both react ions a r e  assumed to go to complet ion 
in est imat ing the cor ros ion rate . 

2 . No cor rect ion is made for the copper powder added 
to can isters made with the isos tat ic compress ion process ,  
the add itional copper would consume reactants i f  the 
outer par t of a can ister should be breached by cor ros ion . 

3 . In calcu lating the poss ible effect of sulfate on 
can ister cor ros ion , no cred i t  is taken for the fer rous 
ion in the benton ite in controll ing the ava ilab i l i ty of 
sulf ide as a cor rodant . 

4 .  Kinet ic stud ies in KBS-3 were made for the most 
par t  with class ical , well-founded procedures , but some 
nontrad it ional techniques were employed involv ing the 
concept of •equ ivalent flow . • At the panel ' s  request th e 
r esults wer e recalculated by Hong Lee (Un ivers ity of 
Flor ida , per sonal commun icat ion , 1983 ) us ing class ica l 
d iffus ion models . The r ates obta ined by Lee are close to 
those estimated by Neretn iek s ( TR 83-2 4 ) ; but where 
d ifferences exist , the Ner etnieks model pr ed icts sl ightly 
h igher cor ros ion rates . 
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By way of contrast , the impor tant effect of p i t  cor 
r os ion is treated less conservat ively in KBS-3 than in 
KBS-2 . The latter uses a very conservative value of 2 5  
for the pitting factor , but the KBS-3 author s point out 
that , in recent metallurg ica l stud ies by the Swed ish 
Cor ros ion I nstitute (TR 83-24 ) , a factor of 5 has been 
shown to be mor e reasonable for the two k inds of copper 
( oxygen- free h igh-conductiv i ty copper and phosphor us 

deoxid ized copper ) that are contemplated for use in th e 
can ister s .  A maximum pitt ing factor of 5 is  also 
ind icated by examinat ion of archeolog ical spec imens , 
native copper , and bur ied l ightn ing-conductor plates ( TR  
83-24 ) . I n  KBS-3 ,  cor ros ion rates are calculated us ing 
both of these factor s ,  but the r ates obta ined with the 
larger factor are descr ibed as unreal istically h igh . 

Overall , the calculat ions of cor ros ion r ates in KBS- 3 
are s imilar to those in KBS-2 but are improved by use o f  
new data and new calculational methods . I n  the panel ' s  
opin ion the calculations are soundly based and use assump
t ions w ith a safely conservat ive bias . The abi l i ty of 
can ister s sur rounded by compacted benton ite in Swed ish 
bedrock to last for a mill ion year s and mor e seems 
adequately documented--prov ided , of cour se , that the 
can ister s are made accord ing to r ig id spec i fications and 
that the subsur face env ironment is not subject to rad ical 
change . 

STRESS CORROSION CRACKING 

Will the can ister s be immune to stress cor rosion crack ing 
for a mill ion year s?  

One cor ros ion-fa ilure mechan ism that in theory might 
be capable of caus ing a catastroph ic br each is stres s  
cor ros ion crack ing--the crack ing of metal as a result o f  
exposure of a susceptible mater ial in a spec i f ic env iron
ment to an endur ing tens ile stress . The poss ib ility of 
damage by such a mechan ism under cond it ions to be expected 
in a Swed ish repos itory was invest igated by the author s 
of KBS- 2 and shown to be negl ig ible .  The reason is that 
the necessary endur ing tensile stress will not exist 
because of the method of can ister fabr icat ion , and in any 
event could not be ma inta ined for long in a metal as 
read ily stress-recovery-annealed as pure copper . Even i f  
a repos itory were to be invaded by seawater when the land 
subs ided under the we igh t of a glac ier , the necessary 
oxid iz ing cond it ions and concentrat ions of n itrogen 
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compounds would not be atta ined . After careful rev iew ,  
the NRC •ubcommittee agreed that a good case had been 
made in IBS-2 for the conclus ion that the rather specific 
condit ions needed for initiating stress cor ros ion crack ing 
would not be found in a KBS r epos itory ( NRC ,  1980 ) . 

The NRC subcommittee r a ised a poss ible question on the 
grounds that newly repor ted research had suggested some 
tendency for crack ing of h igh-pur ity copper in cer tain 
nitrogen-conta in ing environments . Mor e  recent wor k by 
Benjamin et al . ( TR 83-06 ) , however ,  showed that the 
electrochemical conditions necessary to stimulate crack ing 
of pur e  copper in d ilute sod ium ni tr ite solutions are so 
r emote from cond it ions expected in a repos itory that they 
e l iminate stress cor ros ion crack ing of the can ister s as a 
source of concern .  

BENTONITE BUFFER 

Can the bentonite buffer around each can ister and th e 
benton ite-sand backfill in tunnels and shafts be depended 
on to keep the movement of groundwater along can ister 
sur faces very slow and to ma inta in cond itions in the 
r epos i tory that will prevent or greatly inh ibit cor ros ion ? 

I n  both IBS- 2 and KBS-3 the canisters ar e to be sur 
r ounded by shaped blocks of compacted benton ite* ; and 
a fter the can ister s are emplaced , a mixture of benton ite 
and sand is to be used as back fill  in the tunnels and 
shafts . As groundwater penetrates the repos itory after 
c losur e ,  the benton ite is  expected to swell and fill all 
vacant spaces , thus forming a mechan ical cush ion for the 
can ister s and serv ing as a bar r ier to r apid groundwater 
flow . At the can ister sur faces , the expanded benton ite 
w ill , supposedly , keep groundwater mot ion very slow and 
prevent movement of poss ible cor ros ive agents except by 
s low d i ffus ion through the clay . To some extent the 
buffer will also act as a retardant for rad ionuclide 
m igration should ear ly breach ing of a can ister occur ; 
th is poss ible function is d i scussed mor e completely in 
the section in Chapter 4 ,  •Retardat ion in the Near-Field . •  

*Benton ite is  a naturally occurr ing mater ial with 
cons ider able var iat ion in compos it ion and proper ties . 
The benton ite ment ioned in th is sect ion and used as a 
refer ence mater ial in the Swed ish exper imental wor k is a 
var iety from Wyoming with a h igh r atio of sod ium to 
calc ium smectite . 
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I n  KBS-2 a n  iapress ive array of exper imenta l and 
analytical data was presented to suppor t the thes is that 
the bentonite would indeed per form up to expectations 
under the chemical , thermal , and r ad iation cond it ions 
antic ipated in a repos itory . The data wer e  in large par t 
obta ined by Pusch and h is colleagues at the Un iversity 
of Lulel . I n  mor e recent years , Pusch has cont inued h i s  
i ntens ive stud ies o f  the properties o f  benton ite and other 
clays , both at Lulel and in the underground exper imenta l 
facility at Str ipa . The present review is devoted largely 
to a survey of the recent f ind ings of Pusch and h i s  
co-worker s .  

Some aspects o f  the emplacement o f  benton ite wer e  
questioned by the NRC subcommi ttee o n  KBS-2 ,  par t icular l y  
the feasibil ity of plac ing bentonite blocks in the holes 
around the can ister s without leaving large open spaces , 
and the feas ibility of compact ing the back fill in the 
upper par ts of tunnels . Both questions have now been 
answered by full-scale exper iments at Str ipa :  can ister s 
can be successfully emplaced , e i ther by bu ilding the 
bentonite-block walls around them or by constructing the 
walls first  and then inser ting the can ister s 1  and the 
emplacement of back fill in the upper par ts of tunnels , 
with a f inal dens ity only sl ightly less than that of the 
compacted mater ial below , can be accompl i shed by a 
shotcrete process (Str ipa 82-06 , Str ipa 8 2-0 7 7  also , 
presentat ion by Pusch to the panel , accompanied by 
photographs of the operat ions , September 198 3 ) . 

The mechan ical propert ies of h ighly compacted , 
water-saturated benton ite are of interest in ensur ing 
that can ister s do not slowly s ink through the benton ite 
to the bottom of the ir  emplacement holes , and that they 
w ill be to some extent protected from shear str esses that 
may develop in the sur round ing rock . A theoret ical 
analys is backed by labor atory exper iments has shown that 
the swell ing pressure of the benton ite ( 10 to 15 MPa 
under repos itory cond it ions ) i s  suffic ient to largely 
restore the or ig inal state of stress in the nearby rock . 
The mater ial is  strong enough that the calculated rate of 
can ister subs idence is  no more than about 0 . 0 1  m in a 
m i l l ion year s ,  yet plast ic enough to g ive protect ion 
aga inst sl igh t rock d isplacements ( TR 83-04 , TR 83-4 7 ) . 
As noted in the sect ion in Chapter 3 ent itled •Mechan ical 
Capabil ity , •  the protect ion aga inst slow moderate d is
placement is  adequate , but a question rema ins about 
poss ible rupture of a can ister by rapid hor izontal roc k 
movement of more than 0 . 0 1  m.  
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Compacted bentoni te under its own swell ing pressur e 
has been demonstrated to flow into cracks less than 1 mm 
wide and to seal thea . I t  has been fur ther shown exper i
mentally that mov ing groundwater in such cracks will not , 
at a later time , d islodge appreciable amounts of the 
bentonite fill ing (TR 83-0 4 ) . 

The ability of benton ite to control groundwate r  
movement and the movement of d issolved ions is shown by 
measurements of hydraul ic conduct ivity and diffus ivity . 
For benton ite compressed to a dens ity of 2 . 0  t/m3 

( tonnes per cubic meter , an S I  unit  numer ically equiva
lent to grams per cubic centimeter ) ,  Pusch g ives a 
conduc t iv ity of 5 x lo - 14 m/s (TR 80- 16 ) , a valu e 
cor roborated , with in an order of magn itude , by recent 
exper iments in the United States (Peter son and Kelkar 
1 9 8 3 ) . For benton ite-sand mixtures l ike those to be used 
for back f ill , Pusch and B6rgesson ( Str ipa 82-06 ) g ive 
exper imental values for hydraulic conductivity :  

With 1 0  percent bentonite ,  at  a dens ity of 2 . 1 :  lo- 9 

111/s 
With 20  percent bentonite ,  at a density of 2 . 1 :  

l o- 10 111/s 

I n  s imilar exper iments , Peter son and Kelkar found 

With 10 percent bentonite , at a dens i ty of 1 . 98 :  6 . 1  x 
l o- 9 111/s 

W ith 3 0  percent bentonite , at a dens ity of 2 . 29 :  2 . 2  x 
lo-1 2  m/s 

The agreement is sat isfactory , and the range of values is 
s imilar to that for the matr ix of gran i t ic rock between 
major fractures . Th is f inding ind icates that the back fill 
in tunnels and shafts will have a permeabil ity comparable 
to that of its sur round ings . Because of the low hydraulic 
conduc t ivity ,  motion of ions through the water-saturated 
benton ite will be dominated by d i ffus ion r for the d i f
fus ivities of different ions , Pusch g ives values in the 
range 8 x lo -12 to 5 x lo- ll m2;s . 

The chemical properties of benton ite vary cons iderably 
from one sample to another . In  KBS-2 the favored ben
toni te was a var iety from Wyoming r ich in Na-smectite ;  
th is mater ial i s  still used a s  a reference standard in 
KBS-3 ,  but a search has been under taken to f ind sources 
that are cheaper and closer to Sweden . Pusch has examined 
bentonites from many local ities , mostly European , and 
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finds much var iation in the ratio of Na-smectite to 
ca-smectite , the ratio of s.ectite to other clay min
erals , and the content of such impur ities as quar tz , 
car bonate , sulfides , sulfates , and organic matter (TR 
83-4 6 , and per sonal commun ication ,  1983) . For mos t 
repos itory purposes , a fa i r ly pure Na-smectite is prefer
able . The compos i tion of benton i te can be somewhat 
mod i fied , i f  des irable , by cur rently available commercial 
processes : sod ium may be substituted for calc ium , and 
much of the sulf ide and organ ic impur ity can be removed 
by several hours of oxidat ive heat ing to about 4 0 0 °C .  At  
the time of the KBS-2 plan , Pusch had reservat ions about 
the poss ible effect of heat ing benton ite to 4 0 0 ° , on the 
grounds that its structur e might be irrever s ibly altered 
and its expans ive propert ies impa ired � but results of 
r ecent exper iments have conv inced h im that the change in 
proper ties is minor if the heat ing is not continued too 
long . No f inal choice among the var ieties of benton ite 
has yet been made , but Pusch is confident that one or 
more good sources can be found and that the compos it ion 
can be altered , if necessary , to meet KBS requirements . 

Whatever the source of benton ite , the KBS author s 
th ink i t  can be depended on to keep the rate of cor ros ion 
low . Presumably , a benton ite w ith low sulfate content 
will be selected , and its sulf ide and organ ic content 
will  each be reduced below 2 0 0  ppm by ox idat ive heat ing . 
The buffer will  l imit the supply of water reach ing the 
sur face of can isters to a calculated 0 . 2  to 1 . 6  1/yr/ 
can ister ( KBS-3 , p. 20 . 1 5 ) , and the amount of oxidants i n  
th is quantity of water would b e  tr iv ial . Benton ite i s  
also known to buffer the pH of conta ined water to value s 
between 8 and 9 . 5 ,  thus effect ively pr eventing poss ible 
corros ion by hydrogen ion in the presence of chlor id e 
even up to seawater concentr at ions of chlor ide � i f  the 
buffer capac ity of the benton ite is ever used up (doubt
ful , because the pH of the groundwater is generally 
between 7 . 5  and 9 . 5 ,  so that l i ttle buffer ing is needed ) , 
the bedrock i tself would serve to hold the pH in th is 
range . Poss ible oxidat ion of copper by the products of 
r ad iolys is is  largely pr evented by the buffer ' s  abi l i ty 
to slow the escape of hydrogen , and hence to promote the 
r ecombination of the radiolys is products . Thus , i f  the 
buf fer behaves even approximately as expected , the rate 
o f  cor ros ion of can ister sur faces w ill be kept to a very 
small value . 

I n  summary ,  the panel bel ieves that the exper imental 
data and calculat ions descr ibed in KBS-3 and its tech-
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nical docu.ents effectively suppor t the IBS claims that ,  
i n  the systea of copper canisters plus bentonite ,  the 
canisters are adequately protected froa corrosion and 
s tress . The swelling pressur e ,  bear ing capacity ,  and 
plasticity of the bentonite will provide good mechanica l 
protection r its low hydraul ic conductivity will serve as 
a bar r ier to active groundwater flow and will ma intain a 
controlled low-corrosion environment i.aediately adjacent 
to the canisters .  
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ADEQUACY OF TREATMENT OF RADIONUCLIDE MOVEMENT 

The pr imary bar r ier aga inst r ad ionucl ide release in the 
KBS plan is the copper canister enclosed in its nest of 
compacted bentonite . If th is barr ier funct ions as 
planned , safe isolation of waste for a mill ion years and 
mor e could be guaranteed in any k ind of rock , at any 
depth where groundwater is not act ively flowing or 
mar kedly cor ros ive . But some unexpected , ver y low 
probabil ity event is always poss ible , and the KBS author s 
devote much effor t to showing that the k ind of rock they 
plan to use for a r epos itor y ,  at a depth of 500  m, a ided 
by the benton ite buffer , will constitute an adequate 
secondary bar r ier for controll ing r ad ionucl ide r elease 
even if someth ing goes rad ically wrong . 

Suppose that a can ister is breached so effectively 
that all of its conta ined fuel is at once in contact w i t h  
groundwater . This is the extr eme s ituat ion that the KBS 
author s postulate in calculat ing rates of rad ionucl ide 
m igration .  The extreme natur e of the assumpt ion should 
be kept in mind . Cer ta inly it is plaus ible to expec t 
that a few can ister s will fa il pr ematurely , because of 
flaws in manufactur e or some very unusual natural dis
turbance ; but the failure in all probab ility would be 
only a minor crack permitt ing very l imited access of 
groundwater to the fuel . Dissolution of r ad ionucl ides 
would be slow and local ized , and the quantity be ing added 
to groundwater at any t ime would be small .  But the 
extreme assumpt ion of instantaneous exposur e of much fue l 
to groundwater is useful to explor e as a means of assess
ing just how conservative the KBS design is . 

Nucl ides d issolved from fuel elements exposed in a 
br eached can ister will move f i r s t  by slow diffus ion 
through the buffer (prov ided the buffer is still r eason
ably intact ) , and then into the sur round ing rock , wher e 

4 2 
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mot ion will be i n  large par t  by d i f fus ion through wate r 
conta ined in nar row cracks and to a lesser extent by 
diffus ion into the rock matr ix . For d iscuss ing the 
mot ion , a d ist inct ion is made in KBS-3 between the •near
field •  ( the buffer and the rock with in a few meter s of 
i t ,  where the major questions concer n  the r ate of d issolu
tion and then d iffus ion in clay and small f issures ) , and 
the • far-f ield• ( bedrock between the near-f ield and the 
point where groundwater enter s a major fractur e ) . An 
add it ional cons ideration is a poss ible shor t-c ircu it path 
to the b iospher e by flow of groundwater through tunnel s 
and shafts , e ither because the back f ill is an inadequate 
bar r ier or because rock adj acent to the tunnels and shafts 
has been rendered .are permeable by blasting dur ing 
repos itory construct ion . These three items--migrat ion o f  
r ad ionucl ides in the near-f ield , migration i n  the far
f ield , and the effect iveness of planned seals in con
troll ing migrat ion along tunnels and shafts--are d iscussed 
in the follow ing paragraphs . A f inal sect ion pr esents a 
br ief analys is of the est imates of doses to humans that 
would result from rad ionucl ide tr anspor t .  The treatment 
in KBS-3 is s imilar to that in KBS- 2 , but add it ional 
exper iments , f ield tests , and mathemat ical analyses ar e 
adduced to suppor t the conclus ions . 

RETARDATION IN THE NEAR-FIELD 

To what extent will slow d issolut ion and d i ffus ion 
through benton ite and adjacent small fr actures control 
the migrat ion of r ad ionucl ides away from a br eached 
canister in the near- f ield? 

D issolut ion . In  estimat ing the r ate of d issolution , 
the KBS-3 author s note that the rad ionucl ides formed from 
u r an ium atoms by fission or neutron captur e will in large 
par t rema in disper sed with in the ur an ium oxide pellets , 
and hence will dissolve only as fast as the crystal str uc
tur e of U02 is destroyed by the d issolv ing of uranium .  
The isotopes o f  C s  and I are treated a s  an except ion , 
because they or the ir pr ecur sor s are suff ic iently volatile 
to move through the crystal str ucture to the outer par t 
of the pellets . As long as cond itions r emain r educ ing , 
d issolut ion is slow because i t  is controlled by the very 
low solub il ity of U02 ( 1  to 2 �/1 ) . The rate ,  
however , may be affected by r ad iolytic decompos it ion of 
water , and th is poss ibil ity is examined in deta il in 
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KBS-3 . I rrad iat ion of  the water in contact with the fue l 
pellets w ill produce hydrogen and peroxy free-rad icals 7 
the escape of hydrogen gas may make the groundwater in 
c lose proximity to the can ister h ighly ox idative . In  
th is ox idiz ing water , uran ium would be much more soluble , 
as would be Tc , Np ,  and Pu . The oxid ized forms of these 
elements could diffuse into the buffer , but with in a 
shor t d istance would encounter the pr eva il ing r educ ing 
conditions and would tend to prec ipitate . The calcula
t ions ind icate that even with the mast generous assump
t ions about the effic iency of radiolys is and escape of 
hydrogen , the effects of ox idation would be l imited to a 
zone with in a few meters of the fuel (TR 83-66 , TR 83-6 8 )  • 

Thus , in most of the near-f ield , the amounts of r ad io
act ivity mov ing through the buffer and adj acent rock 
would be l imited by the low solubil ity of many of the 
elements in a reduc ing env ironment and , for the mor e 
soluble elements , by the r ate of d issolution of the 
uranium oxide . 

As a gener al confirmation of the low solubil ity of 
uran ium in reduc ing groundwater (and hence of the low 
leachab ility of nucl ides d isper sed through uo2 pellets ) , 
uran ium concentr ations wer e measured in many samples o f  
water obta ined from the r ecently s tud ied f ield areas . 
These concentrat ions , presumably repr esent ing equ il ibr ium 
w ith uranin ite (� ) known to be present in tr aces in 
much of the Swed ish bedrock , are all below 10 �g/1 , and 
mostly below 1 �g/1 , in agr eement with values calculated 
from thermochemical solub il ity data (TR 83-40 ) .  

Migr ation .  The d issolved nucl ides will d iffuse through 
the buffer away from the fuel rods at widely d i fferent 
r ates . Some w ill be gr eatly retarded by sorpt ion , othe r s  
scarcely at all . For nucl ides that diffuse slowly and 
are strongly sorbed (most of the act in ides , for example ) ,  
the delay in mov ing through 0 . 3 8 m of compacted benton ite 
could amount to thousands of year s (TR 82-27 ) . Eventu
ally , however , a steady state will ex ist in wh ich abou t 
as many nucl ides are escaping from the buffer ' s  outer 
sur face as are enter ing its inner sur face from the d is
solv ing fuel pellets . 

Thus the migr ation of nucl ides in the near-f ield can 
be broken down into a trans ient phase and a steady-state 
phase . The tr ans ient phase is  impor tant only for those 
nucl ides that will be retarded for lengths of t ime many 
t imes gr eater than the ir half-l ives . Calculations show 
that a few nucl ides will decay s ign i f icantly as they 
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migrate through the bentonite r  e .g . , 24 1Aa would decay 
to innocuous levels in the buffer , and the act ivity of 
2 3 9pu would be r educed about tenfold (TR 82-27) . POr 
many radionucl idea ,  however , their transit tt.e in the 
b uffer is not long enough to permit s igni ficant decay . 
For th is reason the KBS authors ,  in calculating release 
t imes into the far-field and into the b iospher e ,  ass ign 
no cred i t  to r etardat ion in the buffer . 

The steady-state phase is .ore impor tant than the 
tr ans ient phase in assess ing migration through the near 
f ield . In the steady-state phase , the concentration of a 
nucl ide mov ing into the far-field depends on the reduct ive 
prec ipitat ion and the diffusive res istances of the buffer 
and of the water in saall bedrock fractures that makes 
contact with the buffer . Calculat ions ind icate that the 
latter is more impor tant than the former , if it is assumed 
that , on aver age , one fracture of w idth 0 . 1  mm inter sects 
each meter of benton ite and hence that the cross-sect iona l 
a rea for flow is much less in the rock than it is in the 
clay (TR 82-24 , Table 2 . 2 ) . The di ffus ive res istance o f  
the buffer is aaall enough to b e  neglected , and the 
quantity of any nucl ide transpor ted to the far- f ield can 
be calculated from the d i ffus ive r es istance in the water
bear ing fractures , expressed as •equ ivalent water flow. • 
Th is quant ity i s  calculated from an assumed groundwater 
flow rate at repos i tory depth . 

Thus the calculated migration rates through the near
f ield depend on a aer ies of assumpt ions , wh ich lead to 
the conclus ion that the buffer plays only a minor role in 
both tr ans ient and steady-state phases . The panel was 
concerned about the degree of conservat ism involved in 
the bas ic assumptions , g iven the uncer ta int ies in 
est imates of groundwater flow r ates . When asked about 
the conservatism ,  Ivar s Neretnieks ( Royal Institute o f  
Technology , per sonal commun ication , 1983 ) po inted out 
that , even with much different assumpt ions , the integr ity 
of the bentoni te as a retardant for groundwater has l i ttle 
impor tance in the near-f ield calculations , and also tha t 
the •equ ivalent water flow• is not very sens itive to the 
assumed Darc ian veloc ity (a tenfold incr ease of the latter 
increases the former only threefold) . Even in the absence 
of any benton ite buffer , radionucl ide concentr at ions in 
the geosphere and b iosphere would increase only twenty
f ivefold for the mos t pessimistic water flow rates and a t  
most threefold for mo r e  r epr esentative flows ( Ivar s  
Neretn ieks , Roya l Inst i tute o f  Technology , pr ivate 
commun ication , 1983 ) . The panel concludes that the 
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a ssumptions are adequately conservative for estimates o f  
radionucl ide concentrations del ivered to the far-field . 

This does not mean that the important diffus ion 
processes have been completely and r igorously studied . 
The Swedish scientists r ecognize th is lack ( •Diffusion 
through compacted bentonite is governed by complex mech
anisms and cannot be accommodated by a s imple pore
diffus ion model . • TR 83-3 7 , p. 17 ) and plan additiona l 
r esearch on d iffus ion rates . The SOret effect and 
sur face-migration mechanisms (versus pore diffus ion) ar e 
examples of topics that are not yet completely docu
mented . But in the panel ' s  opin ion , the refinements to 
be ga ined by add itional r esearch are not likely to change 
greatly the cur rent estimates of migration rates in the 
near-field . 

RETARDATION IN THE PAR-PIELD 

If rad ionucl ides escape from the near-field into the 
groundwater of . the far-field , will retardat ion , d is
pers ion ,  and d ilution i n  the bedrock be sufficient to 
keep concentrations acceptably low? 

General . Movement of radionucl ides in the far-field 
o f  a Swedish repos itory--that is , movement through 
granitic or metamorphic rock between the immediate 
v icin ity of breached canisters and the b iosphere--is one 
aspect of the general problem of how effectively natura l  
r ock env ironments can be expected to control nucl ide 
migration . Debate on this subject has gone on for many 
years ,  and there is still no prospect of a definitive 
answer . The difficulty is that radionucl ide movement 
depends on many var iables , not all of which are easily 
measurable . Values for some var iables can be obtained in 
labor atory exper iments , but then questions ar ise as to 
how closely laboratory conditions s imulate those in 
nature . Exper iments in the field are often useful , but 
they are l imited by the long times commonly required and 
by uncer tainties about rock properties in the inaccess ible 
par ts of a rock mass . Research in this area is neces
sar ily a multiyear and multicountry enterpr ise , and the 
KBS author s have been active participants s ince thei r  
project was star ted . Recent progress in Sweden has been 
espec ially notable along two general l ines , d ispers ion 
phenomena and sorption , and the panel ' s  rev iew focuses 
pr imar ily on these subjects . 
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It  should be noted to beg in with that one basic preaise 
has changed . I n  KBS-2 the IIOVeaent of radionucl ides was 
assuaed to take place froa a repos itory at a depth of 500 
m through partly filled fractures and crush zones to the 
land sur face ; hence the radionuclidea would be subject to 
retardation by sorption both in the fracture fillings and 
in the rock matr ix throughout the entire distance . The 
more conservative KBS-3 model pictures a repos itory 
shielded from major fractures zones on all s ides by at 
least 100 m of relatively impermeable rock , and the only 
effects of d isper s ion and sorption cons idered are those 
that occur dur ing movement through th is 100-m thickness . 
Once in a fracture zone , radionucl ides are assumed to 
have free access to the biosphere ,  where radionucl ide 
concentrations are affected only by d ilution or by 
chemical processes at the receptor location .  

Disper s ion . In a porous medium ,  d ispers ion can be 
adequately descr ibed by a convect ive-diffus ion equation , 
us ing a d ispersion coefficient that is f ixed for a g iven 
flow f ield (Bear , 1972 ; Anderson , 1979 ) . In fractured 
rock , the d ispers ion phenomenon is much .ore complex . 
OVer the past several years , Neretnieks and h is co-wor ker s 
h ave advanced cons iderably our quantitat ive understanding , 
mak ing it poss ible to reproduce reasonably well with 
mathematical models many of the sal ient features observed 
in exper iments with tracers in fractured rocks . 

One modification of the disper s ion theory for porous 
med ia that must be made for application to fractured 
mater ial is to allow for d iffus ion from fractures into 
the adjacent relatively unfractured rock , referred to in 
KBS-3 as the •matr ix• or • rock mass•  (Neretniek s ,  1980) . 
A second modif ication is to introduce •channel ing , •  the 
var iation in s ize of fractures that leads to faster flow 
in some than in others .  Dissolved mater ial is thereby 
d ispersed because of the differences in velocity among 
channels as well as through other mechanisms , e . g . , 
hydrodynamic d ispers ion . Neretnieks (TR 82-0 3 , TR 83-69)  
has developed a model , called the • stratif ied-flow 
model , •  that takes both channel ing and diffus ion into 
rock adjacent to fractures into account .  Th is is a new 
concept in the model ing of d isper s ion in fractured rocks ;  
the only additional informat ion required i n  th is model , 
over and above that in standard dispers ion models , is the 
s ize-frequency distr ibution of the fractures . One pre
d iction from the stratified-flow model , i . e . , that 
disper s ion increases with distance of travel , has been 
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ver if ied i n  field teats at both PinnajOn (TR 81-07 )  and 
Studavik (TR 110 , TR 82-10 ) . 

Other models can be used to calculate dispers ion 
e ffects in fractured media , for example , a hydrodynamic 
dispers ion model in wh ich the dispers ion coefficient is 
made to incr ease with spatial scale ( thereby mimick ing 
the observed behav ior at PinnajOn and Studsvik) . Th i s  
can b e  done by requir ing that the Peclet number , rather 
than the disper s ion coeffic ient , reaa in constant . Reason
able agreement with exper imental results can be obta ined 
with th is model , us ing a wide range of values for the 
Peclet number . 

Neretn ieka is aware ,  of cour se , that much add itional 
wor k is needed to per fect the d ispers ion models for frac
tured rock s ,  but a good star t has been made toward under
standing the complex phenomena involved . 

Sorpt ion .  The extent to which sorption can b e  expected 
to retard the movement of radionucl ides dissolved in 
groundwater is part icularly difficult to est imate . A 
common procedure is to measure sorption in the laboratory , 
e ither by letting a radionucl ide solution stand in contact 
with crushed rock or by arrang ing a system of constant 
flow ,  and then to assume that the laboratory results w ill 
apply to rocks in-situ .  The method is subject to cr iti
c ism on several grounds : laboratory conditions may differ 
mar kedly from those in nature , the rad ionuclides in a 
natural env ironment may be in a different oxidation state 
or in the form of complexes with very different sorption 
proper ties , and the nucl ides may be car r ied in groundwater 
as colloids , and for that reason may be more mobile than 
laboratory results would ind icate . Despite these cogent 
obj ections , laboratory exper iments seem the only feas ible 
way to get rough estimates of the role of sorption in 
nature , and much effor t has been concentrated on improving 
the exper iments so as to counter the object ions . In th is 
effor t the KBS sc ientists have played a major par t , 
especially in the last few year s .  

Bas ic laboratory data on sorption coefficients ( Kd ' a )  
have been generated in abundance by Allard , Rydberg , and 
the ir colleagues at Chalmer s Un iver s ity (e . g . , TR 82-21 , 
TR 83-07 , TR 83-61 ) . A substantial par t of the tabulated 
data now used wor ldwide comes from th is laboratory ,  and 
of cour se the Swedish worker s are continually in touch 
w ith s imilar wor k in progress elsewhere . The tabulated 
values for sorption coefficients in KBS-3 (Table 12-7)  , 
changed sl ightly from those in KBS-2 , are generally 
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s tai lar to value• in recent Aaer ican publications (Moody ,  
198 2 7 NRC ,  1983 ) although aa.ewbat larger for the actinide 
eleaenta . 

I n the KBS wor k ,  laboratory .. thoda for deteraining 
sorption coefficients were refined long ago in the .are 
obv ious ways of enaur ing a iailar ity with natural environ
aents :  use of groundwater aaaples in the exper iaents 1 
exclud ing oxygen and carbon d ioxide J control of Eh , pH ,  
and temperature , and expoaure of both fresh and altered 
•ineral sur faces . Recent r esults from the continuing 
laboratory effor t have establ ished ( 1 )  that sorption of a 
g iven nucl ide is a aaximua in the pB range where neutral 
hydroxide co.plexea of the nuclide are Oo.inant in solu
t ion , ( 2 )  that the sorption of actinides in their lower 
oxidation states ia independent of ionic strength over 
much of the pB range , and ( 3 )  that the amount of sorption 
on granitic rock can be approximated by a formula us ing 
� · a  for individual minerals (TR 82-21) . A literature 
survey of wor k on organic co�lexea leada KBS scientists 
to conclude that increased mobility of radionucl ides from 
th is cause is not a ser ious problem in Sweden , because 
the content of organic matter in the groundwater is low 
and because many organic coaplexea are markedly sorbed on 
mineral sur faces (TR 83-09 ) . The poss ible flooding of 
sorption s ites by lead ions d issolved from the can ister 
fill ing was cons idered in the rev iew of KBS-2 7 if KBS- 3 
adopts the alternative of an all-copper canister , as seems 
l ikely from conversations with Swedish sc ient ists , a flood 
of lead ions (and also poss ible galvan ic reaction with 
copper ) is no longer a concern . 

I n  addition to the continu ing wor k on sorption coef
fic ients and complexes of var ious sor ts , much recent 
effor t has been devoted to the question of the role of 
colloids , espec ially for the act inide elements (TR 83-0 8) . 
Exper iments in the presence of air  showed , for example , 
that Am and Pu form colloidal par ticles as the pH is  
r aised from low values 1 but Np and u do not , presumably 
because they are complexed by carbonate . Precipitation 
of the Am colloid increased , as would be expected , with 
increas ing ionic strength and increas ing temperature . 
Compar ison of solutions of colloidal and noncolloidal Am 
passed through a column of crushed gr anite showed little 
increased mobility for the colloid J  evidently these 
colloidal par t icles wer e sorbed as readily as the dis
solved ions . Cer tainly not all the nagg ing questions 
about colloids and complexes are answered by the new 
exper imental wor k ,  but a good star t has been made . 
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In a different k ind of exper iment , the movement of 
r adionucl ides d issolved in artificial groundwater was 
followed along a s ingle f issure in a cyl indr ical specimen 
cut from a dr ill core (TR 83-01) . Three nucl ides were  
used :  Euiii , Npv , and PuiV . As  would be  expected from 
batch exper iments , Np showed l ittle retardation , Pu a 
great deal , and Eu intermediate values . � · s calculated 
from the flow exper iment were somewhat larger than those 
obta ined from stat ic batch exper iments , but the agreement 
was fairly good . 

Clearly ,  it would be des irable to check laboratory 
results with sorpt ion measurements made in the f ield , and 
in this difficult enterpr ise the KBS scientists have been 
especially active . At Studsv ik , where solutions could be 
injected in three holes spaced at var ious d istances ( up 
to 30  m) from a central borehole that could be pumped , 
the movement of Sr permitted a calculation of � g iv ing 
values in the range 4 to 6 m3/t ,  which checked wel l 
w ith number s obtained from laboratory batch exper iments 
us ing the same k ind of rock (6 to 8 m3/t) (cubic meter s 
per tonne , an SI  unit numer ically equivalent to mill i
l i ters per gram) (TR 83-18 ) . These are unusually low 
values for Sr , but the check is satisfying . Cs migrated 
so slowly that Kd could only be estimated as greater 
than 3 0--at least an order of magnitude greater than for 
Sr , in agreement with most laboratory results . A s imilar 
exper iment with Sr at Pinnsjan showed less satisfactory 
agreement with laboratory values , probably because frac 
tures here are l ined with calcite ,  wh ich has poor sorptive 
properties (TR 81-0 7 ) .  In  the exper imental fac ility a t  
Str ipa ,  a study is under way to follow details o f  the 
di ffus ion of solutes into the rock matr ix as solutions 
move along a small f issure . Prel iminary results show 
satisfactory agreement with diffus ivities previously 
obta ined in the laboratory (TR 82-0 8 , TR 83-39) . 

The above discuss ion is a br ief and incomplete sampl ing 
of recent Swedish wor k on retardation . Despite these 
effor ts , the proof is not complete--and probably never 
w ill be--that laboratory data on retardation by sorpt ion 
are adequate for completely rel iable pred ictions of rad io
nucl ide movement from a breached can ister to the b io
sphere . The number of var iables in laboratory wor k ,  plu s  
the much larger number in natural env ironments , is  s imply 
too great for complete control to be ach ieved--as is 
w i tnessed by the wide dispar ity in values often repor ted 
for exper iments conducted under seemingly identical con
d it ions . The KBS scientists , never theless ,  have succeeded 

Copyright © National Academy of Sciences. All rights reserved.

A Review of the Swedish KBS-3 Plan for Final Storage of Spent Nuclear Fuel
http://www.nap.edu/catalog.php?record_id=19380

http://www.nap.edu/catalog.php?record_id=19380


51 

in gain ing auch understanding of the effects of the aore 
�r tant var iables , such as p& ,  Bh , teaperature , ionic 
strength , coaplexing , and colloidal behav ior . In the 
panel ' s  opinion , recent wor k has added greatly to this 
under standing and created increased confidence that the 
Swedish eett.ates of rates of radionucl ide transpor t ar e 
soundly based . The estimates will be even better when 
soae o f  the research in progress is coapleted , but the 
additional refineaente are hardly needed as long as con
servative values are used in the calculations . Despite 
the r easons for skepticism alluded to above , the panel 
th inks that the KB8 author s have developed a sound scien
t ific basis for their conclusion that the bar r ier to 
rad ionucl ide aove .. nt provided , to aa.e extent , by the 
bentoni te buffer , but ma inly by the bedrock will be 
adequate insurance against unacceptable releasee to the 
b iosphere even in the very unlikely event of large-scale 
can ister failure . 

D ilution .  When contaainated water .ov ing along a 
f issure zone from the repos itory coaee in contact with 
the b iosphere ,  for exaaple when it flows into a well or 
lake , it  will be greatly diluted by uncontaminated water 
from near-sur face sources . The radiation dose to users 
of the water depends on the amount of d ilution . In KBS- 3 
the contaminated water is aseuaed to be diluted 10 , 000  
times before i t  is  coneuaed by humane ,  but  the bas is for 
this assumpt ion is questionable . According to T6nis Papp 
( KBS , personal communication , 1983 ) , 104 was chosen a s  
a • reasonably conservative• value after rev iew of 
ava ilable informat ion . 

Quantitative estimates of the d ilution factor for 
wells range very widely , from 102 to 107 • The lower par t 
o f  th is range ( 102 to 105 ) is advocated by Thunvik (TR 
83-50 ) , who uses a f inite-element model to calculate wate r 
flux through the repos itory and into a well for sever al 
combinations of boundary condit ions and well-repos itor y 
configurations . The model reate on the assumption that 
flow in fractured granite can be treated as porous-med ium 
flow . The lowest figures from the model are about 10 2 

for a well 200 m deep (much deeper than most domestic 
wells in Sweden) and 103 for a well 60  m deep . Other 
KBS author s (T�nie Papp , KBS , per sonal communication , 
1983 )  th ink that Thunvik ' s  assumptions for der iving the 
lowest factors (high withdrawal rate and little infiltra
t ion from the land sur face ) are unreal istic . Car lsson 
(TR 83-4 5) , us ing a different model , calculates factor s 
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r ang ing from about 105 to 107 , based on assumptions 
that other KBS author s regard as somewhat optimistic . 
The chosen figure , 104 , is  a compromise among these 
widely d iver se estimates . 

The panel has l ittle bas is for j udg ing the suitability 
of 104 as a dilution factor for the well scenar io . I t 
is  indeed • reasonably conservative , •  but perhaps not 
conservative enough for a safety analys is that cla ims to 
be based on pessimistic choices throughout .  There seems 
no reason to d ismiss out-of-hand the assumptions beh ind 
Thunv ik ' s  lower estimates . I f  a factor of 103 wer e 
u sed instead of 104 , calculated radiation doses would 
st ill be acceptably low except for the most extreme 
scenar ios of early canister failur e .  The panel suggests 
that model-dependent uncer ta inties in est imating the 
factor may be reduced by incorporating fracture-flow 
cons iderat ions into the calculation of d ilution a t 
v ar ious receptor locations . 

I n  the case of a lake , d ilution is determined by the 
lake volume and the turnover rate , with the assumption 
that all of the contaminated water from the repos itory 
enters the lake . Lakes with low inflows and turnover 
r ates represent unfavorable cond itions for dose cal
culations , and so Morpa Lake in the Fjallveden area wa s 
chosen for the scenar io calculations (TR 83-49) J for th is 
lake a d ilution factor of about 106 was estimated . 

TUNNEL SHAFT 1 AND BOREHOLE SEALING 

Can tunnels , shafts , and boreholes be sealed effectively 
enough to keep movement of water no faster than through 
adjacent undisturbed rock? 

Shafts and tunnels used in constructing a repos itor y ,  
a s  well as boreholes that ma y  have been dr illed dur ing 
prel iminary explor ation , must be filled and sealed when 
the repos itory is ready for closure , to prevent thei r  
becoming channels o f  easy groundwater flow that could 
bypass the normal slow movement through relatively 
impermeable rock to major f issure zones . Methods of 
f ill ing and seal ing descr ibed in KBS-3 are s imilar to 
those in KBS-2 : bor eholes will be plugged with bentonite , 
and tunnels and shafts with a bentonite-sand mixtur e ,  to 
prevent movement of flu ids through the d isturbed zone 
adjacent to tunnels and shafts produced by blasting , 
seals will be constructed at intervals by sawing slots 
through the d isturbed zone into sound rock and fill ing 
the slots with compacted bentonite blocks .  
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The HRC s�ittee reviewing KBS-2 thought that the 
planned sealing procedures were a weak spot in the KBS 
proposal , especially s ince their practicability and 
e ffectiveness had not been d..anstrated in the field . To 
sa.e extent this def iciency has been reaedied by recent 
wor k . Regarding eaplace .. nt of backfill , Pusch (TR 82-07 
and 1983 personal co..unication , acco.panied by recent 
photographs) reported that he and his colleagues , using 
an exper i .. ntal tunnel in the granite at Str ipa ,  have 
shown the feasibility of eaplacing backfill by mech-
anically ooapact ing layers of sand-plus-bentonite on the 
floor and then filling the upper par t  of the tunnels by 
use of shotcrete equ ipaent . The shotcreted mater ial 
r emained ha.ogeneous and had a density only sl ightly less 
than that of the co.pacted layers below . An exper imen t 
is under way at Str ipa to d..anstrate the seal ing of a 
tunnel by fill ing a slot saved through the disturbed zone 
w ith coapacted bentonite blocks and concrete (Roland 
Pusch , University of Lulel , personal commun ication , 
198 3 ) . To ensure the ooaplete fill ing of boreholes with 
bentonite , Pusch ( TR  81-09 )  has devised an ingenious 
method of placing cyl inders of coapacted bentonite in 
per forated copper tubing that is then inser ted into the 
borehole . As the bentonite absorbs water , it swells 
through the per forat ions and ult imately f ills the entir e 
hole . The method has proved successful in both labora
tory and field exper iments . I n  the field exper iment (at 
Str ipa ) , overcor ing of the f illed borehole and slicing of 
the extracted blocks for examination showed that the 
bentonite had expanded un iformly and formed a tight seal 
aga inst the rock walls . 

The exper iments are impress ive , but whether they are 
suffic ient to s ilence all doubts rema ins unclear . A 
r ecent Amer ican technical repor t (Meyer and Howard ,  1983 ) 
on the use of clays for repository sealing emphas ized the 
need for research into the long-term stabil ity and even 
solubil ity of clays , the ir poss ible reactions with 
adjacent rock , and methods of emplacement so as to ensure 

0 
a t ight seal . Pusch and his colleagues at Lulea have 
made a good star t at th is k ind of research , but add i
tional in-situ exper iments would make the demonstration 
more conv inc ing . 

I n  the panel ' s  opinion , the KBS conclus ion that open
ings into a repos itory can be adequately sealed has much 
better suppor t than it d id f ive year s ago . Continu ing 
research may take care of rema ining uncer taint ies long 
before the actual sealing of a filled repos itory is 
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necessary . It should be kept in mind also that the 
adequacy of seals in a vet-rock repos itory is impor tant 
only in the unlikely event of early fa ilure of a large 
number of canisters . 

CALCULATIONS ON RELEASES TO TBB BIOSPHERE 

Are the calculated radiation exposures to present and 
future poPUlations based on adequate data and analyses ? 

Evaluation of the feasibility of safe disposal o f  
spent nuclear fuel depends ultimately on the calculated 
rad iation doses to th is and future generations from the 
r adionuclides that may escape from a repos itory . The 
dose calculations for KBS-3 (TR 83-4 9 )  are made us ing a 
compar tment model to s imulate the var ious pathways by 
which rad ionuclides can move to human beings from assumed 
contaminated water sources . The KBS-3 authors make dose 
assessments pr imar ily for two pess imistic receptor 
locations in water--a well drawing from a contaminated 
fractur e zone in bedrock and a lake with very slow 
turnover--as well as for a special scenar io where a lake 
eutroph ies to become a peat bog that is used 10 , 000 year s 
later as a soil conditioner . Concentrations in the water 
sources ar e estimated by us ing some of the models des
cr ibed in preceding sections , start ing with d issolution 
of spent fuel pellets , trac ing the movement of leached 
nuclides through the near-field and far-f ield , and f inally 
postulating substantial dilution as contaminated ground
water approaches the places where water is obtained for 
human use . Different concentrations are obta ined at the 
r eceptor locations depend ing on var ious postulated 
sequences of events ( •scenar ios • )  by which canister 
fa ilure and exposure of fuel to groundwater might take 
place--different assumed t imes at wh ich can ister s are 
breached , different numbers of canisters affected , 
different chemistr ies of the invad ing and downstream 
groundwater . The worst-case scenar ios descr ibed in TR 
83-4 9 assume transpor t chemistr ies that lead to h igh 
solubil ity (oxidiz ing conditions throughout--Scenar io C ) 
or little sorption (colloid transpor t--Scenar io D) . Even 
such unl ikely r adionucl ide transpor t condit ions produce 
rad iat ion exposures that are at least 100-fold less than 
International Commiss ion on Radiological Protection 
( ICRP) limits . 

I f  a s ingle canister somehow fails completely with in 
the f irst  century after repos itory closure (Scenar io B ) , 
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expos ing all  of its  conta ined fuel to oxidiz ing ground
water , the der ived doses are surpr is ingly small , roughly 
100 , 000-fold less than ICRP l t.its . Bven with a far .are 
extr ... assu.ption , involving the h ighly i�robable s iaul
taneous early failure of all the canister s rather than a 
s ingle one , the resulting calculated dose (4400  t imes the 
dose in Scenar io B )  to a aaxt.ally exposed individual 
would be approxt.ately 4 .re.;yr ( 0 . 04 aSv/yr ) (mill i
sieverts per year J 1 .Sv • 0 . 0 1  aillirea) . This level o f  
exposure is about 4 percent of the ICRP l t.it for an 
average individual in a nearby population and 1 percent 
of the ICRP l t.it for the maxiaally exposed individual . 
S ince the postulated sequence of events is hardly cred ible 
even as a worst-case scenar io , th is result shows that 
requ irements of the •stipulation law• are certa inly 
satisfied--provided that the calculations leading to the 
dose estt.ate are reliable . Bow secure is the bas is for 
these calculations? 

Rel iabil ity of the calculations depends on ( 1 )  the 
validity of the .odels and ( 2 )  the assumptions made as to 
the values of parameters used in the models . The effort 
by the IBS-3 group in the developaent of models ( espe
c ially the fracture flow work of Neretn ieks)  is impres
s ive . A complex box (oaapar taent ) model has been used to 
descr ibe the dynamic processes that d istr ibute both 
rad ioactive and nonradioactive substances throughout the 
b iosphere ,  w ith s implifications tailored to the var iables 
impor tant to a specific site . 

The BIOPATB model (Bergstr�m and ROjder , n . d . J TR 
83-40 , TR 83-28) , selected for dose assessment in KBS-3 , 
calculates internal and external r adiation doses to indi
viduals living in four ecosystems , each of expanding 
breadth . Thus , the accumulation of radiation doses by an 
individual has been evaluated from sources local (e . g . , 
well-water and/or crops ) , reg ional (e . g . , meats , f ish and 
dairy products ) , intermediate (e . g . , shellf ish from the 
Baltic) , and remote ( e .g . , ocean f ish ) to h is immediate 
env ironment . Collective (population) dose is calculated 
by summing the annual indiv idual doses . 

BIOPATB is a system made up of a f inite number o f  
r eservoirs (at this time ,  u p  to 20  compar tments ) ,  each o f  
wh ich is homogeneous and well-mixed , and th e  compar tments 
interact by exchang ing elements . The disper s ion rates 
and deposition sites are mainly governed by the calculated 
turnover rates of the elements and the compartment s ize 
chosen (either volumetr ic or gravimetr ic ) . The exchange 
of  each element and cor responding r adionucl ides between 
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r eservoirs is descr ibed in the model by first-order rate 
equations that depend on transfer coefficients expressed 
as  turnover rates . All of the interactions between the 
most important reservoirs that may contr ibute to radiat ion 
exposures in the near and d istant future appear to have 
been adequately accounted for in BIOPATB . Compartaent 
models of this type have been used extensively to evaluate 
b iospher ic transpor t of radionuclides produced in nuclear 
weapons tests and by natural processes . 

The parameters used in the BIOPATB calculations include 
nuclide-independent and nucl ide-dependent transfer coef
f icients , retent ion and weather ing fractions , terrestr ial 
and aquatic yield values (productivity) , and d iet and 
consumption rates . Bergstram provided an extensive eval
uation (TR 83-28) of these parameters and the values 
chosen for them . Where a range of values is available 
for any parameter , the geometr ic mean is generally . 
selected as input , although pessimistic values were 
selected in a few instances where the r ange was extreme . 
The values for the parameter s appear to be well-documented 
and to have been selected from an abundant source of 
references of international scope , we judge them to be 
suff icient for dose assessment . 

The BIOPATB code also makes use of dose conver s ion 
factor s ( in s ieverts per becquerel (Sv/Bq) ) as revised by 
Johansson (TR 82-14 ) from values or ig inally developed by 
the ICRP ( ICRP-30 ) .  FOr the most part ,  the revis ions 
cons ist of est imating the dose ooamitaent for a 70-year 
integration per iod ( full l i fetime) r ather than a SO-year 
per iod (occupational lifetime )  as used by ICRP . The 
change in integration per iod causes only a small increase 
( less than twofold) in the dose commitment for most rad io
nuclides . For three radionuclides , 239pu ,  23lpa , and 
2 3 7Np ,  new uptake data suggest a fivefold increase , an 
eightfold increase , and a ninefold decrease , respectively , 
from the ICRP-30 values . These departures from ICRP 
recommendations appear to be justified adequately by 
appropr iate references . 

A sens itivity analysis has been per formed (TR 81-03)  
for an  earl ier version of  the BIOPATB code (TR-100 ) .  
Thus , the panel bel ieves that the KBS-3 authors have 
developed in the BIOPATB code a model that adequately 
r epresents the coaplex biospher ic and dietary processes 
that contr ibute to rad iation exposures . 

The panel found it difficult , however , to follow just 
how the KBS author s use each model and how the models and 
input data are f itted together to arr ive at a dose esti-
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aate . Por exaaple , to calculate dose for the postulated 
pathway in wh ich water is obta ined froa a contaminated 
well , it appears froa pages 92 to 93  of TR 83-4 5 that 
only a s �le analytic solution to the pore-flow .adel is 
used to obtain a dilution factor as input to the calcula

t ions in TR 83-49 . Yet page 10 of the latter docuaent 
s tates that the dilution factor �s froa a d ifferent 
calculation in TR 83-50 . The use of different .adels aay 
not lead to great d ifferences in calculated dose . Bow
ever , the uncerta inty in the .. thod of calculation i s  
d isconcerting , because it  cannot be tested readily with in 
the framework of the safety analysis as per foraed for the 
KBS-3 report .  

I n  response to the panel ' s  request for clar ification , 
T6nis Papp ( IBS ,  pr ivate co.munication , 1983 ) provided a 
calculation sch... specifying the aodel used at each step 
of the safety evaluation , as well as the points at wh ich 
j udgmental factors influenced the input data . That 
d iagram is reproduced here (Figure 4-1)  as a descr iption 
of the panel ' s  under stand ing of the actual sequence of 
calculations and data input used for the KBS-3 safety 
analysis for the well r ec ipient . In  the d iagram, aodel 
calculations or analytic solutions are represented by 
r ectangles with the appropr iate supporting r epor t refer
enced , whereas each rhombus represents a j udgmental 
decis ion for wh ich an explanation can be found in the 
referenced KBS-3 chapter , and input-output data ar e 
represented by arrows . 

As shown on Papp ' s  diagram, the •hydromodel• of TR 
83-45 is used to obta in an est imate of flux , Uo , 
through the bedrock sur rounding a repository . The 
s ingle-value output from the hydromodel is used directly 
as input to the near and far-field calculations (TR 
8 2-24 , TR 83-4 8) to obtain an estimate of the equ ivalent 
water flow pas t each can ister , Qeq• Although the 
Canister Corros ion calculations indicate can iste r 
breach ing will not occur before 10 6 years and perhaps 
not until 108 year s ,  the KBS author s pess imistically 
assume as input to the calculat ion of Fuel Dissolution 
that can ister fa ilure will Qe9 in at 10 5 year s with th e 
last can ister fa iling at 10 6 year s .  As noted in the 
section in Chapter 4 ent itled •Retardation in the 
Far-Field , •  evaluat ion of d ilution factor s for the wel l 
recipient rang ing from a worst-case value of 10 2 (TR 
83-50 ) to a h ighly optimistic value of 10 7 (TR 83-45 )  
led to select ion (rhombus ind icating KBS-3 , Chapter 
15 . 2 . 1 ) of a d ilution factor of 10 , 000  as input to 
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B iosphere Calculations (TR 83-49)  in comb ination with 
output from Far-Field Calculat ions . The safety analys i s  
for a lake r ecipient i s  per for-.d i n  an analogous manner , 
except for substitution of turnover rates in Morpa Lake 
( TR  83-52) to estiaate a d ilution factor for the lake 
recipient (IBS-3 , Chapter 18 . 2 . 5 ) . 

For parameter values , the IBS authors maintain that 
•pessimistic • or •conservative • assumptions are con
s istently used . That is , i f  a choice or a range of 
values is available , the nuaber chosen is one that would 
lead to overestimation rather than underestimation of  the 
resulting dose . In general , the choices do indeed tend 
to be pess imistic , but in a few instances the peaaimiaa 
can be questioned . The afore .. ntioned selection of a 
10 , 000-fold d ilution from the repository to a well is 
probably the moat impor tant one . As another example , the 
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aa in scenar io a•suaes failure of the first canister loS 

year s after repository closure and failure of the others 
at regular intervals of 250 years thereafter , with fuel 
d issolution occurr ing over five aillion years ,  a h igher 
rate of release aay occur should aany canisters fail  at 
intervals grouped aore closely around the t ime  of average 
canister life (Chu et al . , 1983 ) , or should dissolution 
of the fuel occur at a greater rate (NRC , 1983 ) . Also, 
the retardation factors used for KBS-3 (TR 83-4 8)  are 
ao.ewhat larger ( therefore leading to saaller or aore 
•optt.istic •  doses) than the factors used in soae recent 
u . s. reports (NRC , 1983 J Moody ,  1982 ) . 

Failure to use pessiaistic values for every paraaeter , 
however , may not ser iously affect the estiaated doses , 
especially when the uncertainty in some of the values i s  
very large . Por each of the above exaaples , the IBS-3 
authors have provided to the panel persuas ive arguments 
in support of  the parameters selected (�nis Papp, IBS J  
Ivar s Neretn ieks , Royal Institute o f  Technology , Leif 
Car lsson , Swedish Geolog ical,  and B .  Allard , Chalmers 
University of Technology , pr ivate communications , 1983) . 
They state , for exaaple , that according to studies by the 
Swedish Cor rosion Institute (TR 83-24 ) , canister fa ilur e 
should be assuaed to occur at ti .. s 100- to 1000-fold 
longer than those assumed for the IBS-3 calculations , 
with a resultant spreading of the fa ilure ti  .. s (contr ary 
to Chu et al . ) . Fur thermore , based on equ ivalent water 
f low and groundwater compos ition ,  they bel ieve that 
chemical solubil ity l imits will restr ict the fract ional 
d issolution rate for the fuel to at most lo -7 per year , 
with more l ikely rates extending to lo -8 per year or 
less . The factors selected for r adionucl ide retardation 
are j ustif ied by the IBS-3 author s on the basis of 
extens ive laboratory wor k ,  especially by Allard and 
Rydberg (TR 83-61 , TR 79-26 ) .  Bven in the absence of 
benton ite as a buffer sur round ing the can ister , IBS 
estimates that doses would increase , at most , threefold 
to twenty-f ive-fold--values that meet ICRP limits . 
Finally , the conditions assumed by Thunv ik to obta in the 
wor st-case dilution factor s (TR 83-50) , are thought by 
IBS to be so improbable (espec ially the assumption that 
there would be a complete lack of infiltrating precipita
t ion from ground sur face to the well recipient ) that 
pess imism beyond the assumpt ion of 10 , 000-fold d ilution 
is not war ranted . 

One consequence of the inser tion of arbitrary param
eters into the model ing procedure and the pers istent 
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choice of pessimistic values for parameters is an inab i l
i ty to make systeaatic sens itivity and uncer tainty 
analyses . Such analyses would be helpful in assessing 
wh ich parameters and which var iants of .adeling methods 
have the greatest effect on calculated radiation expo
sures , and in calculating the range of uncertainty in the 
dose estimates . 

The panel requested clar i fication of the cr iter ion 
that IBS would apply to a decis ion for seal ing off a 
dr ift , or section of dr ift , should a major fracture be 
encountered after d isposal operations beg in .  Papp ( IBS , 
pr ivate communication , 1983 ) stated that IBS would wish 
to ma intain at least the safety marg in prov ided within 
Scenar io c (approximately 100-fold less than the ICRP 
dose l imit) . S ince dose to an individual is propor tional 
to the amount ( in becquerels per year )  of radioactivity 
del ivered to the geosphere (TR 83-49) , it is also roughly 
propor tional to Qeq (TR 83-4 8) . Thus , us ing the dose 
obta ined in Scenar io C as a des ign objective , a large 
fracture must del iver 20 to 30 l/m2 yr to all of the 
4 400 can ister s in the repos itory before i t ,  or the dr ift 
it intercepts , would be considered a candidate for 
avoidance or seal ing . However , only at most a few 
canister s are l ikely to be affected by such a large 
fracture ,  because can ister s more than 100 m away from the 
fractur e have no influence on the safety calculations , 
whereas those at lesser d istances have decreas ing 
influence with d istance due to des ign procedures for 
r epos itory closure .  Therefore ,  i t  appear s unl ikely that 
one or two fractures with excess ively large hydraulic 
conductivity will be inadver tently , or by choice , left in 
contact with sufficient bur ied waste to cause any concer n  
a s  to the safety o f  the repos itory .  The panel notes that 
the IBS-3 plan did not address the matter of canister 
r ecovery in the event of extremely unlikely catastroph ic 
events . 

Despite these questions concerning the calculations , 
i t  appear s that only under the most unl ikely and extreme 
combination of worst-case conditions ( e . g . , improbably 
early canister failure , rapid fuel dissolution , poor 
r ad ionucl ide retardation , and a complete absence of 
sur face water inf iltration to a well )  would the dose to 
the maximally exposed indiv idual approach or exceed ICRP 
l imits . The panel concludes that the IBS-3 author s have 
prov ided suffic ient evidence that r ad iation doses to a 
maximally exposed ind ividual , to an individual in a 
nearby populace , and to a large population (collective 
dose ) will be acceptably small .  
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SUGGB8'1'IC:.S POll ADDITIORAL RB8BAJ!CB 

At several places in th is review , topics are noted on 
wh ich additional research is recc-ended . 'l'he suggested 
r esearch , in the panel ' s  opinion , will be required to 
develop a specific ayatea design , but is not cr itical for 
establishing ayatea feas ibility . 'l'he technical bas is for 
the IBS proposal ..... already adequate to suppor t the 
conclus ion that a repository for disposal of spent 
n uclear fuel can indeed be constructed in Sweden with 
conf idence that huaan health and safety will not be 
j eopardized for a aillion years and longer . Such a 
prediction about very long future t t.ea ,  however , mus t 
a lways be attended with �t least ainor uncertainties 
about aoae aspects , and addit ional research could be 
fruitful in narrowing the uncertainties . Suggested 
research topics are aaaeabled below in these areas t 
sensitivity analys is , groundwater .ov ... nt , proper ties of 
bentonite , theraochemical data , geolog ic investigations , 
and probabil istic r isk assessment . The topics are 
arranged in roughly what the panel considers their orde r 
o f  importance . Several of the l isted topics are par t of 
the cont inu ing research program in wh ich the KBS 
s cientists and eng ineers are already engaged . 

Sensitivity Analysis . The IBS baa chosen for the mos t 
par t to use pessimistic aaauaptions in their  safety 
aaaeaa .. nt . However , f inal repository des ign will requ ir e  
better evaluation o f  the effects o f  var ious assumptions 
on dose--espec ially when these assumptions must be bal
anced aga inst cost . A formal sens itivity analysis has 
been performed only for the BIOPATB aodel . The KBS should 
develop their calculation plan ( see Figure 4-1)  into a 
systematized , formal sequence , us ing •best-estimate • 
assumpt ions as a base calculation much as was done for 
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B IOPATB . This entire safety analysis could then be sub
jected to a sensitivity analys is to gauge the relative 
impor tance of var ious sources of uncer ta inty on the 
calculated results . 

P redictions of Groundwater Flow in Fractured Crystal
l ine Rock . In  KBS-3 , hydraul ic conductivities are 
i nferred from packer tests , on the assumpt ion that the 
concept of a homogeneous isotropic med ium is a valid 
bas is for interpreting the test results . The porous
med ium concept is then also used in the finite-element 
computations of regional groundwater flow .  The adequacy 
of th is concept for descr ibing flow in fractured rock is  
questionable , and the developaent of more accurate ways 
of treating flow in such rock is an impor tant subject for 
r esearch . Examples of questions to be addressed are as 
follows : 

1 .  To what extent is the porous-medium concept val id? 
Essential in attack ing th is question is the use of inter
ference tests for measur ing hydraul ic conductivity .  A 
poss ible approach is the exper imental des ign for inter
ference tests descr ibed in TR 80-05 , us ing packers rather 
than the usual pumping tests . Buyakorn et al . ( 1983 ) 
suggest that inter ference tests may be used to discr imi
nate among four conceptual models for flow in fractured 
rock . For assessing the appl icability of the porous
medium concept , Witherspoon et al . ( 1983 ) also suggest 
the use of fracture geometry statistics . 

2 .  Bow impor tant is anisotropy? That knowledge o f  
ver tical heterogeneity and anisotropy is important for 
estimating travel times in the fractured conditions 
examined in IBS-3 has been demonstrated us ing s imulation 
models (TR 82-0 1) . Inter ference tests may be useful her e 
a lso in determining whether anisotropy must be considered 
in predict ing flows through a repos itory (TR 80-0 5 1  Kohut 
et al. 1983) . 

3 .  Are packer tests rel iable for determining hydraulic 
conduct iv ity? Bow much is the ir rel iabil ity influenced 
by anisotropy and local heterogenei ty? I f  they are known 
to be rel iable locally , do they g ive values representat ive 
of the r eg ion? Calculations in  TR 82-06 suggest that 
heterogene ity and an isotropy should have only a small 
effect , but that a •borehole sk in• effect might be impor
tant . Le if Car lsson (Swedish Geological Survey , personal 
communication , 1983 ) indicated that prel iminary analysis 
of the transient pressure response observed in the packer 
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tests showed no evidence of a sk in effect , but the poten
t ia l  er ror is large enough to war r ant fur ther investiga
tion . TO assess the reliability of packer tests for 
e stt.at ing reg ional values of hydraul ic conductivity ,  
r e lationsh ips should be explored ..ong values der ived 
fro. packer tests , fro. inter ference tests , and fro. 
observations of fracture frequency . 

Quest ions about the adequacy of the porous-flow .odel 
are �rtant also when the .odel is extended to con
t aainant transpor t .  In the transpor t calculat ions for 

KBS-3 , a dual-poros ity .adel vas used rather than the 
s tandard porous-.ed ium .adel (TR 83-48) , and Neretn ieks 
( TR 82-03 )  has suggested as an alternat ive a •stratified
f low• .adel . These and two other .adels were tested 
aga inst ava ilable data in TR 83-3 8 , but none of the 
models could be rejected . This result reinforces 
Neretnieks ' opin ion that there is •no exper t.ental 
evidence at present to assess channel ing or d isper s ion 
mechanisas over large d istances in f issured bedrock • (TR 
8 2-03) . Research on the spatial scale over wh ich chan
nel ing predoainates is needed to resolve the question as 
to what conceptual model is appropr iate for descr ibing 
contaminant transpor t .  

P roperties of Bentonite . Despite the very extens ive 
invest igat ions by Pusch and h is colleagues , some ques
t ions r ema in about the suitability of bentonite for its 
many intended functions in the KBS plan : 

1 .  Will the proper ties of bentonite be adver sely 
affected by long-continued heating? Laboratory results 
to date indicate that heat ing to temperatures that do not 
exceed 80°C , which is the maximum planned in a KBS 
r epos itory , will have no apprec iable effect . The exper i
ments are necessar ily of shor t duration (months or a few 
year s) , however ,  and slow reactions over very long t imes 
still  seem possible . Hoffman and Hower ( 1979 ) , for 
example , cite geolog ic ev idence for a slow change of 
smectite to illite over per iods up to 50 mill ion years . 
The change occurred at pressures somewhat greater than 
those expected in a repos itory , and whether reduced 
pressure would accelerate or decelerate the reaction is 
uncer ta in . Long-term tests under repos itory cond itions 
seem des irable to test th is reaction and also poss ible 
slow react ions of wet bentonite with copper or with 
m inerals of the bedrock . Such tests are in progress at 
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S tr ipa ,  with electr ic heaters substituted for fuel rods 
( Roland Pusch , University of Lulel , personal communica
t ion , 1983) , and their results a few year s hence will be 
of much interest . 

2 .  Are bentonite barr iers in tunnels and shafts 
adequate for seal ing against groundwater flow? TUnnel s 
and shafts may poss ibly become channels for groundwater 
flow after a repos itory is closed , either because the 
backfill is less impermeable than expected or because 
rock adjacent to the openings has been weakened and 
cracked by blasting . To block such movement , seals of 
compacted bentonite at intervals in tunnels and shafts 
are planned , each seal to be inserted into slots sawed 
into the weakened rock on all s ides . Doubts have been 
expressed that such seals would function as expected , on 
the grounds that sawing the slots , no matter how gently 
i t  is done , might weaken the adjacent rock by leav ing 
edges and corner s under stress , so that permeable 
fractured rock would still exist around the seals and the 
bentonite might not expand to fill all the cracks and 
open spaces . Soae in-situ tests of the proposed seals 
have been carr ied out at Str ipa , and more are planned 
( Roland Pusch , University of LuleA , personal commun ica
tion , 1983 ) , and the panel strongly endorses this 
procedure .  

3 .  Will bentonite protect a canister from r upture by 
sudden rock d isplacement? The compacted and water
saturated bentonite around a canister will probably serve 
as an effective cushion for slow deformation , but sudden 
d isplacive rock move.ant in an earthquake might cause 
both copper and bentonite to act l ike br ittle solids and 
fracture . Bow large a sudden d isplacement could a 
can ister endure without rupture , and how much protection 
would the bentonite offer? Tests to answer these 
questions will be difficult to set up , but the effor t 
should be made . 

4 .  What is the mechanism of transpor t of water and 
dissolved mater ials through bentonite? Much exper imenta l 
work has already been done on the movement of fluids 
through bentonite , but details of the diffusion proces s 
are still obscure . Rates of migrat ion of d ifferent ions 
should be studied under a var iety of conditions , and the 
poss ible influence of the Soret effect and sur face migra
tion should be cons idered . The research could be extended 
to the s imilar process of d iffusion of water and radio
nuclides from fractures into the matr ix of r elatively 
unfractured granite . Such research will probably not 
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greatly change predictions baaed on the e�ir ical results 
already in hand , but a aounder theoretical bas is would 
help to reduce uncertainties . 

SOlubilities , Retardation Factors,  Coaplexes , and 
Colloids . Laboratory data already exist in great 
abundance , but some iaportant nu.bera are still poor ly 
known . Further refine .. nt is needed in s imulat ing 
r epos itory cond it ions as closely as poss ible , and 
additional field checks of laboratory data are des irable . 
The effects of coaplexes , colloids , and slow reactions in 
.edifying predictions from theraodynamic data are 
par ticular ly in need of fur ther study. 

Geologic Investigations . Fur ther search for repos itor y 
s ites is obviously desirable , and is part  of the current 
KBS plan . S ince at least four fairly satisfactory s ites 
are already known ,  and s ince a s ite for actual construc
t ion will not be needed for at least another decade , th is 
activity is less urgent than so.a other k inds of research . 
Additional study of evidence for postglacial rock dis
placements in var ious par ts of the country would be of 
auch sc ientific interest and might aid in the ultimate 
choice of a repos itory s ite , but there is l ittle chance 
that i t  would change the general conclus ion that Swed ish 
bedrock is sufficiently stable to ensure long-term 
repos itory integr ity .  

Probabil istic Risk Assessment . A probabil istic r isk 
assessment of the repos itory system should be made . 
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CONCLUDING REMARltS 

The KBS plan for waste disposal differ s from most plans 
involving mined geolog ic repos itor ies in that pr imary 
rel iance is placed on the long-term integr ity of copper 
can ister s .  The bedrock and the surrounding buffer of 
compacted bentonite in wh ich the canister s will be placed 
are expected only to ma intain a stable and benign environ
ment , the bedrock does not , as in most geolog ic-d isposal 
schemes , play an impor tant role in slowing the migration 
of radionucl ides to the biosphere . I t  could play tha t  
role i n  the event of widespread ear ly canister fa ilure , 
but such failure is so unl ikely that the retard ing effec t 
of  the rock is only secondary insur ance aga inst a very 
low-probabil ity accident . (The point deserves stressing , 
because so much of the technical back-up for KBS-3 is 
devoted to this secondary insurance--to estimates of 
migration rates through bedrock and the resulting r adia
tion releases . )  Although the bentonite buffer provides 
some retardation , no credit is taken for it by the KBS 
author s in the ir safety analys is . The essential question 
in j udging the technical background of the KBS plan is 
whether a good case has been made for the durability of 
copper in a stable repos itory environment ,  all else is 
incidental , necessary for insurance purposes but probabl y  
almost irrelevant to the central issue of human safety . 
The eng ineered barr ier s called for in the KBS plan are 
the important ones , whereas in most geologic-disposal 
plans the eng ineered bar r ier s are assumed to fail  with i n  
shor t t imes ( i . e . , compared with radionucl ide half-l ives) ,  
and the natural geolog ic bar r ier s ar e then depended on 
for slowing long-term radionuclide release . 

The technical work on the canister s seems beyond 
r eproach . Methods of fabr ication have been demonstrated 
in the plants that would be called on to produce the 

66  

Copyr igh t  ©  Na t iona l  Academy o f  Sc iences .  A l l  r i gh ts  rese rved .

A  Rev iew o f  the  Swed ish  KBS-3  P lan  fo r  F ina l  S to rage  o f  Spen t  Nuc lea r  Fue l
h t tp : / /www.nap .edu /ca ta log .php?record_ id=19380

http://www.nap.edu/catalog.php?record_id=19380


6 7 

ult iaate 4400  can isters , at a scale large enough tha t 
extens ion to full scale should be no proble•1 sealing of 
the can isters--either by electron-bea• weld ing i f  lead is 
u sed as a f iller , or by hot isostatic press ing i f  copper 
powder is used--has also been de.onstrated r rates of 
cor ros ion have been tested at extreae values of the con
troll ing var iables , and stress corros ion crack ing has 
been elt.inated as a poss ible threat to can ister integ
r ity . Much of the work was co.pleted by the time of 
KBS-2 , and fur ther studies in the past five years have 
abundantly confirmed ear l ier results and ear l ier con
j ectures about canister per formance . 

Assurance that bentonite will perform all the funct ions 
ass igned to it in the KBS plan is somewhat less co�lete . 
No entirely satisfactory source of  bentonite has yet been 
ident ified , and even though properties of bentonite can 
be in some measure ta ilored to spec ifications , there i s  
as yet no guarantee that a uniform product with all the 
desired properties can be obta ined in the necessary large 
quantities . The compacted benton ite to be placed in the 
depos it ion holes around the can ister s has been exhaus
t ively tested , and the feas ibility of emplacing it  has 
been demonstrated , there seems l ittle doubt that it  can 
per form its expected funct ions of keeping groundwater 
stationary or near ly so at can ister sur faces , of slowing 
the .otion of corrodents to can ister sur faces , and of 
helping to ma intain pH in the range of 8 to 9 . 5 .  Some 
quest ion rema ins about its abil ity to protect canister s 
from sudden mechanical d isturbance . Emplacement of 
bentonite-sand mixtures as back fill in tunnels and shafts 
has been demonstrated in field tests , and permeabilities 
have been shown to be comparable to those in adjacent 
rock . A method of seal ing boreholes with bentonite 
enclosed in per forated metal sleeves has been tested in 
both laboratory and field . Whether benton ite can be used 
to make effect ive seals in more permeable par ts of shafts 
and tunnels is not cer ta in , but f ield tests are under 
way . The bentonite used in exper iments has l ived up to 
expectations , and there is good reason to th ink that it  
w ill fulfill its  var ious roles at least well enough to 
preserve canister integr ity .  Even if its per formance i s  
to some extent defic ient , estimates o f  groundwater amounts 
and flow rates are sufficiently low and suff ic iently 
conservative to ensure that local movement at unantici
pated rates will not ser iously affect the can isters .  

The tectonic stability o f  large areas o f  Swedish 
bedrock seems amply confirmed . Demonstrat ion that s ite s 
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can be found in the bedrock where groundwater is suf
f ic iently small in quantity ,  slow in movement ,  and bland 
in compos ition to pose no thr eat to copper can ister s 
seems convincing to the panel , even though no s ite com
pletely sat isfactory in all deta ils has yet been located . 
Three s ites explored recently look promis ing , and better 
ones will probably be found in the planned cont inuing 
investigation . The motion of groundwater in fractures at 
depth in granitic bedrock cannot be accurately deduced 
from measurements at the sur face and in boreholes , 
espec ially if  there is much channel ing along fractures : 
but conservative estimates for the studied sites are a 
source of confidence that s izable rock volumes exist 
where groundwater would not adversely affect a repos itory . 

The most troubl ing uncer ta inties rema ining in the KBS 
proposal relate to the par t  least l ikely ever to be 
relevant to actual repos itory per formance , i . e . , the 
migration of r ad ionucl ides through buffer and bedrock in 
the improbable event of ear ly can ister rupture . Uncer
tainties here are great s imply because of the number of 
var iables that must be cons idered in any model used to 
descr ibe the d issolut ion of r adionucl ides from fuel rods 
and their  movement through a var iety of mater ials to the 
point wher e  they may become hazardous to humans . Solu
bil it ies , effects of local oxidation due to rad iolys is , 
r etardation by sorpt ion of some radionucl ides as they 
migrate through buffer and rock , effect on retardation o f  
the format ion o f  complexes and colloids , d isper s ion of 
nucl ides into rock along fractures where flow is con
centrated--all these must enter into a system of models 
for r ad ionucl ide behav ior . The panel could point to 
uncer ta inties in some of the data and assumptions , but 
s ince the assumptions are mostly conservat ive and s ince 
the calculated releases are w ith in acceptable l imits even 
for the most radical d isruption scenar ios--and s ince , in 
addition , there is l ittle probability of ear ly can ister 
d isruption--the panel concludes that the technical bas is 
for the calculations of low release rates is sound . 

The KBS team of scient ists and eng ineer s has accom
pl ished a great deal of per tinent research , especially in 
the accelerated wor k done for KBS-3 . The research program 
has included geolog ic f ield stud ies , in-s itu testing at 
the exper imental fac ilities at Str ipa ,  Studsvik , and 
F innsjBn , laboratory wor k at Swed ish un iver s ities , tech
nical institutes , and consult ing agenc ies , and wor k per
formed at laborator ies in England and the Uni ted States . 
The program has covered all aspects of the d isposal prob-
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lea ao thoroughly that a cr i t ic has d i f f iculty f ind ing 
weak po ints that have not already been cons idered .  Where 
gaps in knowledge st ill ex ist , they .aatly concern po ints 
where the oo.plexit iea of natural pheno.ena defeat effor ts 
to ar r ive at def init ive anaver a .  The KBS research has 
not only ach ieved ita purpose of showing that rad ioact ive 
was te can be d isposed of in Sweden with reasonable assur

ance of safety for at least one aill ion year s ,  but i t  has 
prov ided the wor ld w i th  a weal th of bas ic data on the 
cor ros ion of copper , on the .av ... nt of groundwater in 

fractured rock , on the proper t ies of benton ite , and on 
the many factor s that influence rad ionucl ide aigrat ion . 
In oo.pil ing these data , the KBS author s have per formed a 
valuable serv ice both for the ir own country and for any 
country or group cons ider ing the disposal of nuclear 
waste in crys tall ine bedrock . 
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