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ABSTRACT

The geologicalisolationof waste usuallyinvolvesthe selectionof sites where
very low permeabilitymaterialsexist, but there are few earth materialsthat
are truly impermeable. Regulatoryconcernsfor the containmentof _adioactive
materialextend for geologicp,riodsof time (i.e., 10,000years or more), and
it becomesnearly impossibleto "assure"the behaviorof the site for such long
periodsof time. Experienceat the Waste IsolationPilot Plant (WIPP)showsthat
very slowmovementsof fluidcan takeplace throughmaterialsthat may, in fact,
haveno intrinsicpermeabilityin their undisturbedcondition. Conventionalhy-
drologic models may not be appropriateto describe flow, may providemodeling
resultsthat could be in significantvariancewith reality,and may not be easy
to defend during the complianceprocess. Additionally,the very small volumes
of fluidand veryslow flowrates involvedare difficultto observe,measure,and
quantify.

The WIPP disposalhorizonis excavated655 m below the surfacein bedded salt of
Permianage. Salt has some unique properties,but similarhydrologicproblems
can be expected in site investigationswere other relativelyimpermeablebeds
occur, and especiallyin deep sites where significantoverburdenand confining
pressuresmay be encountered. Innovativetechniquesdevelopedduring the in-
vestigationsat the WIPP may find utilitywhen investigatingother disposal
sites.

The details of flow in these very low permeabilityunits is quite complex and
difficultto quantify. Verticaldrillholesyield inconsistentdata, even when
closelyspaced,but horizontaldrillholesprovideconsistentand comparabledata
sets. Flow may be constrainedto a relativelyfew, fairly discrete, bedding
planes and radial flow (as assumed in most modeling)toward an excavationor
drillholemay not occur. Fluid preferentiallyoccurs in the more argillaceous
beds and is not uniformlydistributedthroughoutthe salt. The pore spaces in
some units may be so small that surfacetensionforces become significantand
Darcy's Law may have to be appliedin a modified form or may not hold at all.
Additionally,some previouslyunsuspectedflowmechanismmay be acting,such as
compactionin the pillarsdrivingbrine out of poorly compactedclays.

Ongoingwork at the WIPP isexpectedto continueto advanceunderstandingof flow
throughvery low permeabilitymaterials. The study of flow under these condi-
tions will become increasinglyimportantas additionalwaste disposalsites are
designedthat requireassuranceof their safetyfor geologicalperiodsof time.
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The geologicalisolationof waste usuallyinvolvesthe selectionof sites where
very low permeabilitymaterialsexist, but there are few earth materialsthat
are truly impermeable. Regulatoryconcernsfor the containmentof radioactive
material extend for geologic periods of time (a mandated 10,000 years). The
study of ground water and the engineeringaspectsof hydrogeologyhave tradi-
tionally focusedon ground water as a resource (I, 2). As a result, the focus
has been on the conditionsof flow where the quantityand quality of the water
availableare adequatefor human use and thematerialscontainingthe water allow
it to flow (or be inducedto flow) rapidlyenough so that useful quantitiescan
be producedin reasonableamountsof time.

Disposalsitesare usuallychosenon (or in)materialswith very low permeability
for which conditionsof flow are less well understood. In order to predictthe
long term behaviorof any suchdisposalsite,we must first have experiencewith
and an understandingof the detailedbehaviorof the systemsactingat the dis-
posal site. Uncertaintiesin the predictionof repository behavior can be
significantlyreducedby continuedsiteinvestigations,but can never completely
be eliminated. For these and other reasons,the NationalResearchCouncil (3)
concludedthat sciencecannot"prove"(in an absolutesense)that a disposalsite
will be "safe" as definedby existing EnvironmentalProtectionAdministration
standardsand United States NuclearRegulatoryCommissionregulations.

Numerousrecent studieshave demonstratedthat describingflow under low perme-
ability conditionsstretchthe limits of our knowledgefor shales (4, 5, 6),
clays (7, 8), unsaturatedfracturedrock (includingshales, clays, tuff, and
basalts)(9),and evaporites(10, 11). Recentexperienceat the Waste Isolation
Pilot Plant (WIPP)showsthat veryslowmovementsof fluidcan takeplace through
materialsthatmay, in fact, have no intrinsicpermeabilityin their undisturbed
condition. Conventionalhydrologicmodels may not be appropriateto describe
flow (12), may providemodeling results that could be in significantvariance
with reality,and may not be easyto defendduringthe compliance_rocess. Addi-
tionally,the very small volumesof fluid and very slow flow rates i_,voT_vedare
difficultto observe,measure, and quantify.

The WIPP disposalhorizonis excavated655 m belowthe surfacein beddedsalt of
Permianage. Considerablestratigraphicvariationsoccurwith_,_the salt beds.
Although dominantlyhalite, individualunits range from clear halite tF,rough
argillaceoushalite to polyhalitichalite. Interbeds,_cl,decl_v seams and
anhydritebeds. Water is present in severalways wi_hii_(F,e_._.,!.Formation
(11): (I) within hydrousminerals such as gypsum ana _I_i/_ (>?.}._ fluid in-
clusionswithin halite and other crystals, (3) withir:,_t(:F_Ir_:_ul_rpores and
open fractures, and (4) as intergranularmoisturewit_:,ir,i}n._lyconsolidated
clayswhich occurwithin saltcrystalsas well as betwe,-n_li',._..,anhydrite,and
other crystals.

The undisturbedclearhaliteunitsmay beeffectivelyin,:p_._:_,.__'_ State-of-the-
art permeabilitytesting (13, 14) was unable to mea::;_..'__i_ypermeability,
indicatingthat if it exists at all, intrinsicpermeabiliC),of the clear halite
units is less than I x 10 _ m_ (0.01 nanodarcy). Those halite un;ts that con-
tain a few percent clay are more permeable,typicallyless than I x 10_° m_
(10 nanodarcy). The permeabilityof the interbeddedanhydriteunits are several
orders of magnitudegreater,typicallybetween! x 10_ and I x 10_ m_.

Salthas some uniqueproperties,includingthe fact that at repositorydepths it
deformsplastically.Studiesundertakenduringthe BrineSamplingand Evaluation
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Program (BSEP)at the WIPP (15, 16, 17, 18, 19, 20, 21) were directedprimarily
towardthe environmentin and directlyadjacentto the undergroundexcavations.
These studiesand others (22, 23, 24, 25) show that the rock immediatelysur-
roundingthe excavationis alteredsignificantlyfrom its originalstate due to
the influenceof deformationinducedby the rock excavationand the movementof
salt towardthe excavation. The commontheme runningthroughthe BSEP investi-
gationsrelatesto the presenceand movement of brine in rocks that _aw little
to no fluid migrationprior to the developmentofdeviatoric stressa .ompanying
excavationand the permeabilityenhancementcausedby elasticexpansionand brit-
tle deformationof the salt and anhydriteunits. A halo of deformationforms
around the excavations,whether they are rectangularor circular in cross
section.

The developmentof this halo of deformationaround an undergroundexcavationat
the WIPP, sometimesdescribedas the DisturbedRock Zone (DRZ),is discussedby
Deal and Roggenthen(11). They pointedout that previousdiscussionsdo not make
it adequatelyclear that there are generallytwo parts to the deformationalen-
velopearoundundergroundexcavationsin salt: an outer zone where dilatencyand
microfracturingoccurwith pore pressuresabove atmospheric(zoneC in Fig. i),
and an inner zone characterizedby macrofracturingand pore spaces where the
pressuresare essentiallyat atmospheric(zoneB in Fig. I). Some authorstend
to treat the inner zone, which includesthe volume of rock that has separated
(decoupled)from the host rock, as simplya growingpart of the excavationcom-
prisingthe "ActualOpening" (26). Brine moving towardtI_eexcavationbehaves
differentlyin these two zones,and it is importantto considerbothof themwhen
discussingbrine seepageinto the WIPP excavations.

The salt at the WIPP originatedas a stratifiedand bedded sedimentaryrock and
consistsof alternatingsequencesof halite, argillaceoushalite, polyhalitic
halite,clay layers,and thin anhydritebeds. As a result,there are numerous
horizontaldiscontinuities.There are claypartingsand thin (I-3cm) claybeds,
as well as beds of anhydriterangingfrom a few millimetersto a meter or so in
thickness. The anhydritebeds are brittleand do not deform plasticallyat re-
pository depths. Typical storagerooms are 4m (13 ft) high, and 10m (33 ft)
wide. Therefore,the deformationalsequenceis complicatedby the effectsof
geometry and the stratigraphyas the disturbed envelope is driven toward a
circulargeometry (Fig. 2).

Evidenceis abundantthatthe excavationgeometryaroundthe openingsat the WIPP
ismodifiedby these discontinuitiesand inhomogeneties.It includesfailureof
roof and floorsdue to heaving,separationalong clay seams,and the development
of macrofracturesin ribs (11, 22, 25). The patternsof fracturingand defor-
mation observedat the WIPP is shown in Fig. 3.

The details of flow in these very low permeabilityunits is quite complexand
difficultto quantify. Verticaldrillholesyield inconsistentdata, even when
closelyspaced,but horizontaldrillholesprovideconsistentand comparabledata
sets (21). Flowmay be constrainedto a relativelyfew, fairlydiscrete,bedding
planes and radial flow (as assumed in most modeling)toward an excavationor
drillholemay not occur (21). Fluid preferentiallyoccurs in the more argil-
laceousbeds and is not uniformlydistributedthroughoutthe salt (18). The pore
spacesin some unitsmay be so smallthat surfacetensionforces becomesignifi-
cant and Darcy's Law may have to be applied in a modified form, such as the
piece-wisemethod suggestedby Deal and others (18), or may not hold at all.
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Additionally, some previously unsuspected flow mechanism may be acting, such as
compaction in the pillars driving brine out of poorly compacted clays (18).

A number of modeling efforts have bcen made in an attempt to predict seepage into
the WIPPexcavations. Seepage into a horizontal drillhole 7.6 cm (3 in) diameter
and 46m (150 ft)long is predicted to be on the order of 0.01 liters per day if
a permeability of I x 10-22m2 (0.i nanodarcy) is used for the undisturbed salt.
Three drillholes of that dimension have been monitored for over 2 years and all
three accumulate fluids at seepage rates on the order of 0.01 to 0.02 liters per
day.

The way in which flow rate varies with time is important. If flow rate
eventually reaches at a steady rate, then there may be some far-field brine that
flows through the body of the undisturbed rocks to reach the repository
excavations. If flow rate continues to decrease and eventually ceases (21), then
there is no significant amount of brine derived from the far-field and only brine
released from the disturbed rock zone due to depressurization will enter the
repository excavations. Observations are presently being made at the WIPP to
determine which of these conditions exist.

If no far-field flow exists and radial flow occurs in all directions toward a
waste storage room, then release of brine from the disturbed rock zone around the
excavations due to depressurization is estimated to produce about 150,000 liters
of brine (21). This volume is on the same order of magnitude as the volume of
brine (220,000 liters) necessary to corrode all the metal in the waste and waste
storage drums (21). Corrosion will consume brine and produce gas. If the volume
of brine entering the repository is less than that required to completely corrode
the metal, then all the brine that comes in contact with metal will be consumed.

As pointed out above, there is good evidence that the assumption of radial flow
may not hold for the WIPP. The undisturbed clear halite units have such low per-
meability (or none at all) that flow is probably constrained and only occurs
horizontally, parallel to bedding. In that case less than one tenth of the
150,000 liters estimated above may enter the repository to react with the metal
stored there. If compaction of the clays is the source of the brine rather than
release of brine from the disturbed rock zone due to depressurization, then even
less brine may enter the repository.

Continued site investigations at the WIPP are defining the bounds of the brine
seepage phenomena. After extensive modeling, field investigations, and experi-
ments, some uncertainties still exist. Although the details of flow in the
geologic units at the WIPP are quite complex and difficult to quantify, it is
clear that only very small quantities of brine moving very slowly are involved.
Although field investigations show that very little brine actually enters the
excavations (see BSEP references cited previously), it is impossible to com-
pletely eliminate all uncertainty. The fact that some uncertainties remain
should not be the same as determining whether or not the relative risk of trans-
porting this waste to the WIPP and disposing of it there is less (and more
acceptable to society) than leaving it where it is or disposing of it in some
other way.
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DISCLAIMER

This report was prepared as an account of work sponsored-by an agency of the United States
Government. Neither the United States Government nor any agency th,_reof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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FIGURE CAPTIONS

Figure I

Diagramaticcross-sectionsof a rectangularexcavationin homogeneoussalt one
day and two years aftermining. ZoneA is the mined opening,Zone B is the zone
of macrofracturingwith pore pressuresat atmospheric,Zone C is the zone of
plastic deformation with pore pressures increasing from atmospheric to
lithostatic,and Zone D is undisturbedsalt with pressuresat lithostatic. The
DistrubedRock Zone is composedof both Zone B and Zone C.

Figure 2

Diagrammaticcross sectionof a WIPP storageroom in bedded salt approximately
six years after mining. Zones A, B, C, and D are the same as in Fig. I.

Figure 3

Diagrammaticcross sectionof fracturingobservedarounda WIPP four- by eleven-
meter room five years after mining.
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