
%t o , ,: ,. . ._ . _ . /
[g

'/

"" SAND--91-1891C

/ ESTIMATING: THE CONSEQUENCES OFSIGNIFICANT FRACTURE FLOW AT YUCCA MOUNTAIN DE92 004889

JOHN H. GAUTHIER MICHAEL L. WILSON
SPECTRA Research Institute FRANZ C. LAUFFER

Albuquerque, NM 87102 Sandia National Laboratories

505-844-3330 505-846-9868Albuquerque'NM 87185 _,_.!_,4 i_:_.
505-846-2959

ABSTRACT

A simple model is proposed for investigating the possibility of significant fracture flow at Yucca Mountain,

Nevada. The model allows an estimate of the number of flowing fractures at Yucca Mountain based on the

size of the fractures and the yearly volume of infiltrating water. Given the number of flowing fractures, the

number of waste containers they contact is estimated by a geometric argument. Preliminary results indicate

that the larger the flowing fractures, the lower the releases of radionuclides. Also, even with significant

fracture flow, releases could be well below the ]L-nits set by the Environmental Protection Agency.

INTRODUCTION

The partially saturated tufts at Yucca Mountain, Nevada, are a site for a potential repository for high-

level radioactive waste. Groundwater flow through fractures in _:heunsaturated zone could have a negative

effect on repository per/'ormance. Thi_ paper presents an initial estimate of the impact of significant fracture

flow on a repository, and offers a relationship between the size of the flowing fractur_,s and the releases of

radionuclides. In the analysis, an attempt is made to bias the assumptions to produce conservative results,

i.e., to overestimate the releases of radionuclides. The fracture-flow model included in the Total-System

Analyser (TSA)* is based on the described analysis.

FRACTURE FLOW AT YUCCA MOUNTAIN

Significant _rac_ure flow in the unsaturated zone implies predominantly gravity-driven flow through

fractures with minimal interaction with the matrix. Figure 1 illustrates a conceptual model of fracture flow

at Yucca Mountain.

" This work was performed under the auspices of the U.S. Department of Energy, Office of Civilian

Radioactive Waste Management, Yucca Mountain Site Characterization Project, under contract DE-AC04-

76DP00789.
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SupportingevidenceforfractureflowatYucca Mount ainiscircumstantial.Secondarymineralizationon

thewallsoffractureshas beenrepo:_tedatYucca Mountain,2and thesedepositscouldindicatepriorfracture

flow.Continuouswaterseepagefrom a fractureoccursat G-tunnel,locatedtothe northofYucca Mountain

at RainierMesa, inunsaturatedweldedtuftsimilarto the tugs atYucca Mountain (F.Hansen,personal

communication). A rateofinfiltration(between0.5 and 4.5mm/yr) s has been suggestedthatisgreater

than thesaturatedco_iductivityofmuch ofthe matrixintheweldedtufts(generallylessthan Imm/yr).4 If

thisamount ofwaterispercolatingthroughthetuftmatrix,thematrixshouldbe saturated;however,in-situ

matrixsaturationsreportedby theYucca Mountain Rz;/erenceInformationBase,Version4 (RIB 1.4.2),are

approximately60 percent.RadioactiveS6Cl has been reportedin the Topopah Springunitatdrillhole

USW UZ-6.6 aeclisa remnant ofthe atmospherictestingofnuclearweapons thattookplacewithinthe

last50 years,and itspresencedeepinsideYucca Mountain suggestsgroundwatertraveltimesmuch shorter

than shouldoccurwhen flowispredominantlythroughthe matrix. And finally,ambiguous evidencefor

fractureflowhas been reportedat USW UZ-1.6 Water contaminatedwith drillingfluidspresumablyfrom

USW G-1 was foundatthebottom ofdry-drilledUSW UZ-1,suggestingthatthe fluidshad flowedthe300-m

distancethrough the fractures.But no evidenceofweepingfractureswas seen througha camera lowered

intoUSW UZ-I.

CONDITIONS AND FEATURES CONTRIBUTING TO FRACTURE FLOW

Accordingtoourcurrentunderstandingofflowintheunsaturatedzone,significantfractureflowatYucca

Mountain isproblematic.The layerofalluviumcoveringthemountain,and the tuftmatrix(especiallythe

highlyconductive,fracture-sparsenonweldedtufts)shoulddamp fractureflowlikea sponge,v And onceflow

is in the matrix, positive pressure heads would be required to force tLe water back into the fractures m

pressure heads that have not been observed in the unsaturated zone at Yucca Mountain. 3'6 For fracture

flow to occur, specific conditions and features must exist to initiate flow in fractures, then sustain the flow.

Conditions for initiating fracture flow must be such that either water is channeled directly into fractures,

water locally saturates the porous medium and forces flow in fractures, or the matrix is isolated from the

flow. Surface conditions at Yucca Mountain that could contribute to initiating flow in fractures are as follows:

annual cycles of infiltration; spatial variation in precipitation causing large localized pulses of water; runoff"

through washes causing large, localised pulses; and, direct precipitation on, or runoft over, outcroppings

of fractured tufts. Subsurface features within Yucca Mountain that could contribute to the initiation of

fracture flow in underlying strata include heterogeneities; buried topographic_ features (e.g., paleowashes);

undulations in nonwelded geologic units (causing _ater to pool above fractured, welded geologic units); dip of

the geologic units and the conductivity contrast between geologic units (causing lateral diversion of flow that

eventually reaches locally saturated conditions); and the pinching out of geologic units that carry significant

flOW.
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In order to sustain flow in fractures, exchange of water between the matrix and fractures--Ucoupling" or

"communication" between matrix and fracturesmmust be limited. Conditions that reduce matrix/fracture

coupling and work to retain water in fractures include the following: short time scale of flow (e.g., flow in

pulses, with large amounts of water passing through fractures with large apertures); low hydraulic conduc-

tivities in the matrix; hysteretic effects that slow the wetting of the matrix; coatings on the fracture waUs;°

and, c•pillary barriers (e.g., dry fractures) that restrict lateral movement of water by imbibition into the

matrix (resulting in • localized saturated cone around the flowing fracture).

Many of the •bove conditions and features are known to exist at Yucca Mountain. Whether these

conditions and features actually contribute to fracture flow at Yucca Mountain is speculative.

QUANTIFICATION OF FRACTURE FLOW

A strategy for quantifying fracture flow can be founded on the fact that a finite volume of water infiltrates

Yucca Mountain. By determining the amount of water that a single fracture can pass, the number of fractures

necessary to handle the influx can be estimated. Knowing the number of fractures, we can estimate the

number of waste containers that are subjected to fracture flow, and the subsequent releases.

A reasonable limit on the volume of infiltrating water (V_n) that could affect a repository at Yucca

Mountain, is the product of the estimated maximum rate of infiltration (q - 4.5 mm/yr) 3 and the area of

the potential repository (A,ev - 5.61 x 106 m2), or 25,200 m3/yr.

The hydraulic conductivity of an ideal fracture (K!) can be calculated using • parallel-plate model:

_g b2
K! - pp

#12'

where b is the fracture aperture, and pg/# is the product of water density (p -- 1000 kg/m 3) and gravity (g

--- 9.76 × 10xs m/yr 2) divided by the dynamic water viscosity (# -- 3.16 x 104 kg/m-yr at 20° centigrade),

and is equal to 3.09 x 1014 m-2yr -1 in the units being used. 1°

The maximum rate of flow through • single fracture can be found using Darcy's law, elaborated to

• ccount for nonlaminar flow:

ql+o.s5 = W =*

where q! isthefluxthroughthefracture,Q! istherateofflowthroughthefracture{thequantityofinterest},

A! isthe a_,_ofthefractureperpendiculartoflow,and ab/Sl isthe hydraulicgradient,xl We assume the

3
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hydraulicgradientzsone--waterflowisdominatedby gravity,and not affectedby capillaryforcesor by the

weightofthewater ponded above.

The number offlowingfractures(N,eev,)and thewaterflowratethrougha singlefracture(V,eep)can

now be calculatedasfollows:

N.,,p.= _ x F, V.,,p= N.,,p.= WF '
where F isthe weep-episodefactor(F = 12).The periodicityofan episodeisassumed tobe one year,based

on the generalizationthatmost infiltrationoccursduringthewinterorearlyspring,when evapotranspiration

isminimal,and snowmelt providesinfiltrationwith minimalrunoff,x2 The durationof the flowisthen a

fractionoi_ year;one month isassumed forlackofspecificdata.

Consider,forexample,flowthroughfractureswith aperturesof 100 _m and horizontallengthsof 1 m

(AI = 10-4 m2). An apertureof100 _m islargeenoughtoallowfractureflowwithlimitedmatrix/fracture

coupling13 and isalsocloseto the 78-_,mestimateof the averageeffectivefractureapertureforthe un-

saturatedgeologicunitsat Yucca Mountain,calculatedfrom well-testdata.xl Observation(C.Rautman,

personalcommunication)and geometricconsiderationssuggestthata horizonallengthof1m isreasonable.

ltisunlikelythatallthe waterfrom a fracturethathas a horizontallengthof10 m would contacta waste

containerwitha cross-sectionalare_of0.66meter.In any event,a flowingfracturewitha horizontallength

of10 m can be consideredto be ten i-m fractures.

For thisexamplefracture,theflowrate(Qf) iscalculatedtobe 23.1m3/yr. Thus,topass25,200mS/Fr

requires1090 fracturesofthissize.Ifwe assume thatfractureflowisepisodicand thatfracturesonlyflow

forone month outoftheyear,thenapproximately13,100100-_m fractures(1090x 12)arerequiredtopass

thevolume ofwaterthatcouldinfiltrateabove thepotentialrepositoryarea.The waterflowvolume (V_eev)

throughone ofthesefracturesaverages1.92m3/yr.

ltisinterestingtonote that,becauseofthenonlinearityinthe aboveequations,a single5-mm-by-l-m

fracture(perhapspartofa fault)couldpassthe entireamount ofwater thatinfiltratesYucca Mountain in

one year.

Major Assumptions for Quantification of Fracture Flow

I) Significant fracture flow exists at Yucca Mountain; this assumption requires that continuous fracture

pathways exist(i.e.,flowingfracturesare connected),and thatthereislittleor no matrix/fracture

couplingin the flowingfractures.Additionally,we assume thatallwater enteringYucca Mountain

proceedstothe watertableviafractureflow.

2) The flowingfractureswith the largestflowaperturescan be used tocharacteriseallflowingfractures
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at Yucca Mountain. We definethe "flowaperture_ of a fractureas the aperturerequiredto passthe

water flowinginthe fractureasifthefracturewere flowingat capacity.The flowaperturevarieswith

the cube ofthe amount ofwatercarriedby thefracture.Therefore,thefractureswiththe largestflow

apertureswilldominate the flowand can be consideredasrepresentativeoftheflowsystem.

3) The rateofgroundwaterinfiltrationintoYucca Mountain averages4.5mm/yr orlessforI0,000years.

4) Flowing fracturesare uniformlydistributedin Yucca Mountain. With thisassumption,the number

ofwaste containersincontactwith flowingfracturesisprobablymaJcL'nized.Ifflowingfractureswere

concentratedinonlya few areas,onlycontainersinthoseareascouldbe contacted.

5) Weeps alwaysflowthroughthesame fractures;flowdoesnot switchfrom one fractureorsetoffractures

to another.

(5)The disturbedzonesurroundingthe repositorydriftshas no appreciableeffecton fractureflow.

QUANTIFICATION OF RELEASES

The number ofwaste containerssubjectedto flowfrom fracturescan be estimatedby a geometric

argument,as illustratedinFigure2.

The areainwhich a flowingfractureaffectsa wastecontainer(Acontact)isestimatedby thesizeofthe

fractureand the exposedareaof a waste container.The probabilityof a givenflowingfracturecontacting

a waste container(Pcontact)isthen the productofthe totalnumber ofwaste containersinthe potential

repositoryand theratiooftheareaofcontactand theareaofthepotentialrepository.The number offlowing

fracturescontactingcont=_iners(Nco,tact)isassumed tofollowthebinomialdistribution.The equationsare

asfollows:

1 2
Ao_,o_= ws_o_.+ _-(,_doo.),

A©ov;tn_t
Pco.to_ - Noah. _ ,

Arep

%/N..._.P._.,._(1- P_.,._)Uconta_ J

where wS is the horizontal length of a flowing fracture, dca. is the diameter of a container (_ca. : 0.66 m),

]Vca,_, is the total number of containers in the potential repository (Nca..= 35,000), and aconta_ is the

standard deviation of aVcontoc¢.

As shown below, maximizing the number of containers contacted by/]owing fractures maximizes releases.

We therefore assume that no two flowing fractures contact the same containerBi.e., that the number of

5
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/]owingfracturescontactingcontainersisequalto the number ofcontainerscontactedby flowingfractures

Figure3 presentsthe relationshipbetweenthe sizeof theflowingfracturesand the number ofwaste

containerscontacted.Ingeneral,largerflowaperturesimply thatfewerfracturesareflowing;fewerflowing

fracturesresultinalowerprobabilitythatcontainerswillbe contacted.At theextremes,iftheflowaperture

of the flowingfracturesison the orderof 1000 pm (1 mm), only one containercan be expectedto be

contacted.Ifthe flowapertureis12 pm, all35,000containerswould probablybe contacted.As indicated

by the one-standard-deviationbound (thedashed lines},thereislittleuncertaintyinthesenumbers. For

our 100-_m-by-l-mfractures,the expectednumber offlowingfracturesthatcontactcontainersis82,witha

standarddeviationof9.

To calculatethereleasesfrom acontainerincontactwitha flowingfracture,the "alteration-rate"model

isused.This model holdsthattheuranium matrixundergoesan oxidationalteration,and volatileelements

{especiallycarbon,technetium,and iodine}arereleasedfrom thewasteform fasterthan theuranium fuel

matrixdissolves;nonvolatileelementsareleachedcongruentlywiththefuelmatrix,as (We areignoringthe

factthatsome elements,e.g.,neptunium,are lesssolublethan uranium.) Because the alterationrateof

theuranium fuelmatrixcouldbe shortcompared with the 10,000-yrtimespan ofregulatoryinterestfora

high-levelradioactivewasterepository,we assume thatthevolatileelementsareimmediatelyreleasedfrom

a wasteform contactedby a flowingfracture.For the nonvolatileelements,releasesarea functionofthe

totalmass ofdissolvedwaste (M,ti,),which iscalculatedby Krstdeterminingthe timescalefordissolution

of a waste form (tdi.), as follows:

Mu

td. max{l,

tteO •

Ma,. = rain(l,t--_)mm(N_o.,._, N.,..o)M...,

where Mu is the mass of the uranium fuel matrix in a container (the major constituent of the waste,

Mu = 8400 moles, or approximately 2 metric tons in the units being used), Su is the solubility of uranium

(an upper-limit estimate of which is 8u --- 0.2 mol/m s, or 4.76 x 10-s metric tons/m s in the units being

used), 16 t,.egisthe time span of regulatory interest (tr.g= 10,000 yr),and Mean is the mass of waste in a

container (M'¢a. = 2 metric tons of heavy metalmMTHM). Note that Mu must be approximately equal

to Mca. for these equations to hold. The fleor function, max(l, N¢ontad/Nca.,), enforces the following

condition: if more than one flowing fracture contacts a container, then the average amount of water from

the average number of fractures contacts the container; otherwise, all the water from one fracture contacts

the container. The ceiling function, rain(l, treo/tdi, ), limits the amount of waste dissolved from a single

container to the contents of one container. And the ceiling function, min(Nconta_, Nta,,,), limits the number

of waste containers that can be dissolved to the number of containers.

6
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Our example 100-/_m-by-l-m fractures, each passing 1.92 m3/yr of water, would dissolve an entire

container's 2 metric tons of heavy metal (MTHM) in 21,900 yr. In 10,000 yr, 75 MTHM of waste would

be dissolved out of the 82 containers (holding 164 MTHM) contacted by flowing fractures. Therefore, 46

percent (75/164) of the nonvolatile radionuclides would be released from the 82 containers. Ali of the volatile

elements would be released from the 82 containers.

A v-.ry simple transport model is used to determine releases to the accessible environment. Gas-phase

radionuclides---only 14C in this analysisnare assumed to be transport._.'_ instantly to the accessible environ-

ment. Water-soluble radionuclides are assumed to move through the unsaturated sone and the saturated

sone to reach the accessible environment. Transport through the unsaturated sone is assumed to be instan-

taneous. Transport through the saturated sone is calculated by the product of the minimum groundwater

travel time through the saturated sone (GWTTsz) and the retardation factor for each radionuclide. Ali

weakly sorbing radionuclidesni.e., radionuclides with retardations low enough to allow them to move 5 kilo-

meters in I0,000 yearsmthat are released from a waste container are assumed to be released at the accessible

environment.

Estimates of GWTTsg are found in a number of sources 12'Iv'Is and can range from hundreds to tens of

thousands of years. For conservatism, the GWTTsz used in this paper is taken to be 50 yr, imp]°_ing that

any radionuclides with retardations less than 200 could be released. Only 11 important radionuclides are

believed to have retardations in welded tufts of less than 200 (Table 1). 16

Once the radionuclides that can reach the accessible environment are known, the following equations

are used to quantify the releases of each radionuclide (Crel) and the Envir >nmental Protection Agency limits

(EPA,_,m) for the potential repository:

{Mea,_Nco,,_-_Cin_,_ [volatile elem,:nts]Cr_.t,_= M_,C_n_,_ [nonvolatile elements]

_rel,i

r,eA....= c:, 'i

where i is the index of one of the list of radionuclides that can reach the accessible environment, C_nt,,_

is the maximum inventory (in 10,000 yr) of radionuclide i (Ci/MTHM), and C'_,_t,_ is the EPA limit for

radionuclide i (Ci).

Table I presents the 11 radionuclides, their maximum inventories, their EPA limits, and their estimated

releases for the example 100-pm-by-l-m fractures. The EPA sum for this case is 0.079--well below the EPA

regulatory limit of 1. In other words, if flow at Yucca Mountain is predominantly episodic through 100-#m

fractures, releases can be expected to be less than the regulatory limit. (Of course, releases below the limit

for this single scenario do not imply regulatory acceptance.)

7
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Major AssumptionsforQuantificationofReleases

1) Waste containersaxeverticallyemplaced,and thewastecontainers,likeflowingfractures,axeuniformly

distributedthroughouttherepositoryhorizon.

2) Only wastecontainerscontactedby weeps fail,and theyfaU immediately.There axeseveralcorollaries

to thisassumption.First,the thermaloutputofthe potentialrepositorydoesnot dry thefractures.

Second,waterfrom a flowingfracturebeginstodissolvewasteupon contactwiththecontainer.Third,

containersnot contactedby weeps do not releaser_lionuclides;in particular,theydo not releases4C

uagu.

3) The "alteration-rate_ model representstheradionuclidesource.A competingmodel--the"congruent-

leach-only_ model--holdsthat the releaseof allradionuclidesoccursat a rateproportionalto the

dissolutionoftheuranium fuelmatrix.Releasestotheaccessibleenvironmentaresensitivetothechoice

of the sourcemodel--the releasescalculatedwith the alteration-ratemodel can be over two orders

of magnitude greaterthan thosecalculatedwith the congruent-leach-onlymodel (below).Although

evidenceexistssupportingthe alteration-ratemodel,theevidenceisnot conclusive,and releasesmay

be constrainedby otherfactors.Pastperformance-assessmentanalys_s14,2°have usedthe congruent-

leach-onlymodel.

4) Dissolvedwasteistransportedinstantaneouslythroughtheunsaturatedzone;i.e.,radionuclidetransport

time in the unsaturatedzone isnegligible,and radionuclidesdo not inter_twith the tuftsin the

unsaturated zone.

5) Matrix/fracture interaction does take piace in the saturated zone. Matrix diffusion 21 of radionuclides

occurs in the saturated zone; i.e., contaminants can diffuse from water in the fractures and mix with

water in the tuff matrix. Sorption of radionuclides onto tufts occurs in the saturated zone, and sorption

ratios--retardations--are as given by DOE. as

6) Release mechanisms involving colloids are negligible.

RELEASES VERSUS FRACTURE SIZE

Figure 4 presents the relationship between the flow aperture of the major fractures con.tro]]£ng weep flow

and the releases of radionuclides to the accessible environment. In general, the larger the flow aperture, the

lower the releases.

Releases shown in Figure 4 are calculated using both the alteration-rate source and the congruent-leach-

only source. Both source terms produce the same releases for Row apertures greater than 135 _,m. At these

8



largeapertures,enough water isflowingto dissolvean entirewaste form in I0,000yr;therefore,allthe

volatileand nonvolatileradionuclidesina containerarereleasedinboth cases.

At flowapertureslessthan135pm, releasesresultingfromthecongruent-leach-onlysourceareconstant.

For flowaperturessmallerthan 135 pm, the number of flowingfracturesand the number of contacted

containers increases; however, the amount of water flowing through each fracture decreases and only part

of the waste form dissolves in 10,000 yr. The total amount of water contacting the total amount of waste

remains constant, and the net effect is that the releases remain constant.

At flow apertures less than 135 pm, the releases calculated with an alteration-rate source continue to

increase, because the number of containers contacted by flowing fractures continues to increase, and therefore,

more volatile radionuclides are being released. Initially, the rate of increase is slower, as the curve adjusts

to the now constant releases of nonvolatile radionuclides. Releases resulting from the alteration-rate source

continue to increase until flow apertures decrease to approximately 12 pm. At flow apertures of 12 pm, all

35,000 containers in the poten'.ial repository are contacted. Although little water is flowing in the fractures

(approximately 0.0037 m3/yr), the alteration-rate model allows all the volatile radionuclides to be released

from every container. The releases are constant below 12 _m because the number of containers is fixed.

CONCLUSIONS

The consequences of significant fracture flow on a potential repository at Yucca Mountain are primarily

a function of the number of containers that are contacted by flowing fractures. In genera], the fewer the

number of flowing fractures, the fewer containers are contacted, and the lower the releases. This observation

holds true even (or especially) if the flowing fractures are very large and carry a large volume of water.

Using a simplified model with many conservative assumptions, the consequences of significant fracture

flow at Yucca Mountain can be estimated. With an alteration-rate model for the source term, maximum

EPA sum is achieved at extremely small flow apertures, and is calculated to be approximately 17. For

conditions most likely to exist at Yucca Mountainnboth in terms of matrix/fracture coupling and measured

fracture aperturesnthe EPA sum could be less than 0.2. With a congruent-leach-only mode], the maximum

EPA sum is reached at medium to small flow apertures, ._,d is calculated to be approximately 0.06.

The model presented in this paper forms the basis for a fracture-flow mode] implemented in the Total-

System Analyser (TSA). A calculation performed by the TSA (described by Wilson 22 elsewhere in this

ProceeS{ngs) uses probability distributions for model parameters along with the alteration-rate source. The

calculation produces lower releases than the maximum EPA sum presented here.
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TABLE I. Radionuclides a that can be transported to the accessible environment within I0,000 years given a ground-
water travel time of 60 years (retardations less than 200). Releues are calculated using the alteration-rate source for

25,200 m3/yr of water (4.S mm/yr) infiltrating through 100-/_m-by-l-m fractures and contacting 82 c_ntainers.

EPA
INVENTORY e RELEASES d LIMIT e EPA

NUCLIDE RETARDATION b (Ci/MTHM) (Ci) (Ci) RATIO !

Z4C I 1.5 :tS0 7000 0.035

9DTc 8 12 2000 T00,000 0.0028

1201 I 0.030 4.9 7000 0.0007

210pb 120 0.12 9.0 70,000 0.0001

232U 27 0.025 1.9 7000 0.0003
23SU :17 0.046 $.S 7000 0.0005

234U 27 1.9 140 7000 0.020

235U 27 0.020 I.S 7000 0.0002

230U 27 0.33 25 7000 0.0035

238U 27 0.32 34 7000 0.0034

237Np 160 1.1 83 7000 0.012

EPA SUM g 0.079

aRadionuclides with inventory EPA ratios greater than 0.02, and half-lives Irreater than 20 yem.
/)Retardations in welded tuff. 16
eEstimated maximum inventory in I0,000 years, b,-,ed on 60 percent PWR spent fuel and 40 percent BWR spent fuel. 10

dproduct of the inventory of the radionuclide and the total amount of dissolved waste.
eAssuming 70,000 MTHM in the repository.
ICa]culated as the ratio of the radionuclide release to the radionuclide EPA limit.
°Sum of the EPA ratios.
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