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Abstract

Uncertainly and sensitiviv analysis results obtained in the 1996 performance assessment for the \Vaste Isolation

Pilot Pkmt are presented for two-phase fIOW in the I-icinity of the repository under undisturbed conditions.

Techniques based on Latin hypercube sampling, examina tion of scatterplots, stepwlse regression analysis, pardal

correlation analysis and w ~foi-matiom me Ued to investigate bee in.flow, gas generation repository

pressure, brine saturatio~ and brine and gas outflow. Of be variables under study. repository pressure i~~otentially

the most impo~t due to its influence on spallings and direct brine m]eases, with the uncertainty in its value being

dominated by the extent to which the microbial de-gradation of cell~ose @es place, the rate at which the corrosion

of steal takes place, and the arno~t of brine tit &&s from tie s~unding disked rock zone into the repository.
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1. Introduction

Uncertainty and sensitivity analysis results for fluid flow in the vicinity of the repository under undisturbed

conditions obtained as part of the 1996 performance assessment (PA) for the Waste Isolation Pilot Plant (WIPP) are

presented. A follotig paper will present results for disturbed conditions. 1

The results qnder study were calculated with the BIL4GFL0 progran# for the three replicated Latin hfiercube”

samples (LHSS) (i.e., RI, R2, R3) described in Eq. (7) of Refl 3. In particular, the results under considemtion are the

outcomes of the 300 EO BIL%GFLO calculations indicated in Table 6 of Ref. 4. The topics considered are brine

inflow (SecL 2), -~ generation (Sect 3), pressure (Sect. 4), brine saturation (Sect. 5), and brine and gas outflow

(Sect 6). In each sectioxL a number of results calculated by BRAGFLO are examined with sensitivity analysis

techniques based on examination of scarterplo~ partial correlation coefficients, and swpwise re--ion analysis

(Sect. 3-5, Ref- 5)- The sensitivity analyses make exzensive use of rank-transformed da@6 the STEPWISE

% 10 for the calculation of partial correlationproscram’, 8 for stepwise regression analysis, and the PCCSRC pro.-

coefilcients. The specific 131L4GFL0 results considered are listed in Table 1, which can be used to obtain exact

definitions of the indi}-idual variables under consideration; t%rther, the uncertain analysis inpurs are described in

Table 1 of Ref. 3.

The sensiti~-ity analysis results will be based on all 300 obsemations (i.e., replicates RI, R2 and R3 will be

pooled for the pedormance of sensitivity analyses with scatterplots, partial corr~lation coefficients ;d stepwise

regression analyses), which permits the analysis results to be based on all available information. similarly,

summaries of uncertainty based on box plots wiIl also use all 300 observations. In contrast distributions of time-

dependent results will typicfly & show for only replicate RI to avoid the presentation of plots with so many

individual curves that they ‘kre unreadable. However, mean and percentile curves (Sect, 5, Ref. 11) will typically be

obtained from all 300 observations.

The results in this presentation were obtained in support of the U.S. Department of Energy’s (DOE’S)

compliance certification application (CCA) for the WIPP1 ~ and are based on material contained in Chapt. 7 of

Ref. 13.

2. Undisturbed Conditions: Brine Inflow

Tne anhydrite marker beds (Fig. 1. Ref. 2) provide the only si-@kant pathway by which brine can flow ffom

the Salado Formation 10 the repository from arem beyond the disturbed rock zone (DRZ), uith this flow tending to

take place at a relatively constant rate (Fig. 1). However, the dominant source of brine into the reposito~ is drainage

from the DRZ. \vhich primarily takes place over the fist 50 to 100 y of the calculanon due to the enhanced

permeability of the DRZ (i.e.. ] x 10-1 ~ x#) over that of the origtia]. Undisturbed halite (i.e.. k = I CF.x = HALPRJ4)
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(Fig. 1). The highest cuulative brine ~OW in Fig. 1 resul~ for the sample element (i.e., element 23 in replicate

RI) that has the second highest value for anhydrite permeability (i.e., k = 1(P = 7.94 x 10-18 rn2, x = ANHPRM) ~d

also one of the hi&@terbrine far-field pore pressures (i.e., S4LPRES = 1.31 x 107 Pa).

The brine inflows fi-om the anhydrite marker bed can occur from MB 138, Anhydrites a and b, and MB 139 at

both the northern and southern ends of the computatioIMI ~d (Fig. ], Ref. 2). As shown by the box p10ts14 in Fig 2,

the flow from MB 139 excee& the flow from tiydrites a and b, Mch in ~ exceeds the flow from MB 138. For

a given marker ~ tie fIOWSfrom fie nofi tend to ~ ~~er ~ tie flows from tie south (Fig. 2). AS already

note~ total inflow to the reposito~ exceeds total flow fi-om the marker beds because of drainage from the DRZ.

Box plots (Fig. 2) provide an alternative way to display the information in a distribution function. The

endpoints of the boxes are formed by the lower and upper quartiles of the da~ that is Xom and XO-75 The vertical

line within the box represents the mediaq X050 The mean is identified by the large dot, The baron the rig@ of the

box extends to the minimum of xo~j + 1-5(xo75 - Xox) ad the maximum value. hI a similar manner, the bar on tie

lefi of the box extends to the maximum of %x - 1.5(x0-75 - X025) and the minimum value. The obsermtions falling

outside of tiese bars are shown with crosses. In symrnernc distributions, these values would be considered outliers.

Box plots conrain the same information as a distribution fimctio~ but in a somewhat reduced form Further, their

flattened shape makes it convenient to place many dismlmtions on a single plot and also to compare different

dism%utions.

u
u

.4s examina tion of Figs-2 and 3 shows, considerable uncertainty exists with respect to the amount of brine that

wIU flow out of tie - beds and into fie reposito~. me @o~ce of a s~wise regression anrd-ysis (Sect.

3.5, Ref 5) between cumulative brine flow (Fig. 2) and v~bles in the LHS provides a way to assess the

conm%ution of individual variab]~ to this uncertainty, with variable impo~ce being indicated by the order in

which variables enter the regression rnode~ he changes in R2 values as additional variables enter the re-gression

modeL and the standardize+ regression coefficients of the variables in tie final regression model (Table 2). The

candidate independent variables for the regression ~]yses in Tab]e 2 consist of the following 29 variables irI

Table 1 of Ref. 3 that are used as input to BR4GFLO: Brooks-Corey pore distribution parameter for anhydrite

(A.NHBCEXP), pointer variable for selection of relative permeability model for use in anhydrite (,.W5’BCVGP),

logarithm of anhydrite permeability (,41VHP~, resid~ brine sa~tion in anhydrite (,-WRBR.SA T), residual gas

saturatiori in anhyciri~e (.4.YRGS.$4T), ]ogari&m of boreho]e permeability (BHPRM), logarithm of bulk

compress]%ihy of brine pocket (BPCOMP), final pres~e in brine pocket (BPINTPR5), logarithm of brine pockel

permeability (BPPR.M). pointervariable for selection of brine pocket volume (BPVL3L), halite porosity (1-f.4LF’OR).

]o@&m of haiite permeability (H,. LWRJW), initial brine pressure, without the repository being present. at a

refer-mm point located in the center of IIW cotiined stifK at tie elevation of the midpoint of MB 139 (S.4LPRES),

Brooks-Corey pore k“i)fion parameter for shah (SHBC~P). 10gtithrn of permeability of asphah componenl of

shafi seal (SHPRA4.4SP). iogariti of permeabili~ for C@ components of shaft (SHPRMCL }’). logarithm of
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permeability for concrete component of shafi seal for O to 400 yr (SHPRMCOJV), logarithm of permeability of DRZ

surrounding shafi (SHPRMDRZ), pointer variable used to select permeability in crushed salt component of shaft seal

at different times (SHPRMHAL), residual brine saturation in shafi (SHRBRSA 7), residual gas saturation in shafl

(SHRGSSA T), increase in brine saturation of waste due to capikuy forces (WA.STWICK), scale factor used in

definition of stoich.iometric coefficient for microbial gas generation ( WFBETCEL), corrosion rate for steel under

inundated conditions m the absence of C02 ( WGRCOR), microbial degradation rate for cellulose under humid

conditions ( WGRJWCH), microbi~ de.@ation rate for cellulose ~der inundated conditions ( WGRMICI), poirkr

variable for microbiaJ deprjation of ce~ulose ( WMICDFLG), residual brine saturation in waste ( WMRNSA ~, ~d

residual gas saturation m waste (WRGSS.4 7). The variables bulk comprcssl%ility of anhydrite (ANHCOMP) and bulk

compressldility of halite (lL4L.COMP) were also used as input .BRAGFLO but tire not rncluded as variables in the

r.+yession analysis because the -0.99 rank correlations imposed on the variable pairs (ANHCOMF, ANHPRM) and

(HALCOMP, HALPRM) (SecL 5, Ref. 3) results in unstable re-gression results (Sect 7.2, Ref 13). For the results

presented in Table 1 and other similar tables, variables were required to be si-@ficant at the 0.02 a-level to enter a

regression model and to remain si-giificant at the 0.05 a-level to be retained in a re-sgession model.

The re-sgssion analyses in Table 2 are all relatively successful in the sense that they have R2 values between

0.S6 and 0.90. For brine inflow from the marker beds, the two dominant variables in the regression anzdyses in

Table 2 are WMICDFLG and ANf-fpRM. The negative effect indicated for WMICDFLG results because increasing

JKMICDFLG inaeases gas gerl~tion md fiUS pm-e iII he reposito~, which in turn increases resistance to brine

flow out of the marker beds. ne positive effii kdicated for ANHPRM ITS& from decreased resistance to brine

fiOWin the marker beds+ Small negative effects are hdicated for HALPOR, WASmCK, WGRCOR and WGRMICI,

with these effects .msuking became each of hese vfiables tends to increase gas generation and thus resistance to

brine flow out of the marker bCdS due to k~med reposito~ pressure. The variable HALPOR will be discussed in

more detail in conjunction with total brine flow into the repository. A small positive effect is indicated for

SALPRES, with this effect resulting beca~e irtcreasing SALPRE.$ tends to increase the pressure -gadient between the

marker beds and the repository.

The variable H.4LPRM appeam with negative regression coefilcien~ for brine flow out of MB 138 North and

MB 138 South and appears with positive regression coefficient for brine flow out of Anhydrk a and b Nofi

Anhydritts a and b Sou@ MB 139 Nofi md .MB 139 SOUth. The reason for this behavior is not immediately

apparent but is probably related to he assigned co~elatiom bem~een pe~eabiIity and compressibility and the

complex interactions between pe~eabiliry nd compressfoi]i~ in detetifig bfie flow into and through the

marker beds. .411 things being eqwl, ticremtig HALPRM sbou]d reduce resisunce to flow in the halite and. as a

result. increase brine inflow to the marker beds and thus to the repository. Similarly, increasing HALCOMP should

increase brine discharge horn the ha]ite for a gi}~en &op in pressme and, as a result. increase brine inflow to the

marker beds and thus to the reposito~. Thus. H.ALPRM and HAL.COMP shou]d boti have positive effects on brine



discharge from rk marker beds to the repository. The appearance of HALPRM in Table 2 with both positive and

negative effects on brine discharge probably results from the –0.99 rank correlation between HALPRM and

HALCOMP, which produced a complex pattern of correlations between HALPRM, HALCOMP and brine discharge

(Table 3).

It is not immediately apparent why SHRGSSA T appears in Table 2 for brine flow out of Anhydrites a and b. The

effect of SHF!GSS.4 T is very small (i.e., the change in the @ values with its addition is <0.01 ) and its selection may”

be due to effects related to brine and gas movement across the part of the computational @d that corresponds to the

sha.fi in the repository and DRZ (i.e., regio~ 10, 11 m Fig- 1, Ref. 2). It is alSO possl%le that the effect may be

spurious.

For total brine inflow to the repository, the do minant variable in the regression analysis is HALPOR (Table 2).

The positive effkct indicated for HALPOR results because increasing HALPOR increases the amount of brine in the

DRZ that is a~ailable to drain downward into the repository. This increased brine results in greater gas generation

due to corrosion and hence hi-@er pressures in the repository. The association of hi-~er pressures with increasing

values for HALpOR iS why HALPOR has a negative effect on brine flow IYom the marker beds to the repository.

Specifically, irmeased repository pressure reduces the -@ient between the marker beds and the repository and thus

reduces the rate at wtich brine flows out of the ~er beds. Smaller effects are indicated for WMICDfZ,G and

ANHP&U. AS previously &scusse& increasing WM]CDFLG reduces brine inilow from the marker beds by

increasing pressure in the repository and increasing Ah’HPRA4 increases brine inflow from the mark beds by

demsasin g resistance to flow.

.k alternative way to assess the sensitivity of anal<ysis outcomes to uncertain inputs is by calculating partial rank

correlation coefficients (PRCCS) between analysis outcomes and uncertain inputs (Sect. 3.5, Ref. 5). When the

predicted outcomes are time dependen~ the change in the PRCCS through time will indicate changing variable

irnponance. The outcome of such an analysis for the brine flows in Fig. 1 is shown in Fig. 3. The variables

AA’HCOMP and HALCOIUP have been excluded from the calculation of the pRCCS in Fig. 3. Due to the -0.99 rank

correlation within the pairs (ANHPRM, AA”HCOMP) and (HALPRM, H,4LCOMP), neither variable wtithin a pair

would appear in art analysis b~ed on pRCCS. Fig. 3 and other similar fi-~es show the PRCCS for all variables

whost PRCC exceeds 0.5 in absolute value at some point in time.

Tnt dominan t variables for cumulative brine ourflow from the marker beds identified with PRCCS are

ANHPR4!, WMICDFLG and HALPRM (Fig. 3), which is consistent u-iti tie results obtained in the regression

analysis (Table 2}. The positive effects for ANHPRM and HA L.PRM result because of reduced resistance to flow in

the marker beds and in the Salado halite, respectively. The negative effect for W141CDFLG results because of

increased pressure in the repository and hence an increased resistance to flow out of tie marker beds.
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The dominant variables for cumulative brine flow into the repository identified with PRCCS are HALPOR,

WMICDFL.G and ANHPR.M, which is also consistent with the results obtained in the regression analysis (Table 2).

The negative effect indicated for SALPRES at very early times maybe spurious. As a reminder, PRCCS provide a

measure of the linear relationship between two variables tier a correction has been made for the effects of all other

variables under consideration. AS HALPOR has a PR(X of appro~te]y 1 when SALPRES appears to have a

negative effec~ tbe amount of uncertainty being accounted for by SALPRES or any other variable is acturdl y quite

small rd?er the correction is made for the effects of HALPOR. In the regression analysis, S4LPRES is not identified

as having a &scerniiIe effect on brine inflow to the repository over 10,000 yr (Table 2). The positive effects

indicated for HALPOR and ANHPRM result from increased brine draiige born the DRZ and increased brine flow

from the marker be& respectively. The negative effect foz JKWCL)FLG results from increased pressure in the

reposito~ and hence increased resis~ce to flow out of the marker beds.

The examina tion of seatterplots pro~ides an additional way to assess the effects of uncertain variables on

anal}%is outcomes of interesL The two most important variables identified in TabIe 2 and Fig. 3 for brine outflow

from the marker beds are WMICDFLG and ANHPRM. The corresponding scatterplots show weI14efined

relationships beween these two variables and cumulative brine outflow horn the marker beds over 10.000 J?

(Fig. 4). Similarly, the dominant variable for cumulative brine inilo~v to the repository over 10,000 Y is H.4LPOR,

with the corresponding scatterp]ot agairl showing a welldefmed relationship (Fig. 5).

FIOWIdown the shaft constitutes another Possl%le brine inflow pathway to the repository. However,fie amount

of brine entering the repository by flow out of the sh.afi (Fig. 6) is insi-ticant relative to other sources of brine

inflow (Fig. 2). Specifically, flow out of the shaft is on the order of a few 10’s of cubic meters of brine (Fig. 6) while

flow out of the marker beds is on the order of 1,000’s to 10,000’s of cubic meters of brine (Fig. 2).

3. Undisturbed Conditions: Gas Generation

Gas generation results born the corrosion of steel and the microbial degradation of cellulose (Fig. 7). The

discretized character of cumulative gas generation for microbial degradation derives from the variable WMICDFLG,

which takes on three values. specifically, one value, which M a probability of 0.25, specifies the inclusion of

rubber and plasrics in the inventov of cellulose available for microbial de-~dation and results in the upper -goup of

cumes ii Fig. 7; one value, which also has a probability of 0.25. specifies the exclusion of subber and plastics from

the inventory of cellulose avaiiible for microbial de-gadation and results in the middle group of curves in Fig. ~: and

one value, which has a probability of 0.5, specifies that no microbial de-gradation of cellulose will take place and

results in the lower -group of curves in Fig. 7. The leveling off of the cumes for microbial gas gen~ration in Fig. 7

results horn exhaustion of tie celhdose invemory (Fig. 8).
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Microbial gas generation takes place at different rates under humid and inundated conditions. Overall, more gas

generation takes place under inundated than humid conditions (Fig. 9). However, the occurrence of gas generation

under humid or inundated conditions does not affect the total amount of gas generated by microbial action as

indicated by the lack of variability around tbe two asymptotes in Fig. 7.

Total gas generation is obtained by combining gas generation due to corrosion and gas generation due to

microbial degradation (Fig. 10), with the larger contribution coming from corrosion (Fig- 7). However, microbial -

de-mdation still makes a substantial conm%utioxt to the total uncertainty in -~ generation.

.4s already indicat~ gas generation due to microbial degradation is dominated by WMICDFLG. For gas

generation due to corrosioq the dominant variables are WGRCOR and HALPOR, with a smaller effect indicated for

WASTWICK (left & Fig. 11). me Variables WGRCOR and WAS%CK are importantat edy times because

increasing each of these variables increases the rate at which gas is generated. However, over the longer t- tbe

amount of gas generated by corrosion depends on the amount of steel undergoing corrosioz which in tum depends

on the amount of brine a}-ailable for the corrosion process- As a reminder, brine is consume d in the corrosion

process, with the result that the amount of gas generated by corrosion can be limited by the amount of brine present

in the repository. The positive effect indicated for HALPOR results because HALPOR is tie dominant variable With

respect to the amount of brine entexing the repository (Table 2, Figs. 3, 5).

For total gas generation due to corrosion of steel and microbial degradation of cellulose, the dominant variables
u

are UMICDFLG and HALPOR, with WMICDFLG controlling the uncertainty in the amount of ~as generated by

microbial degradation and HALPOR controlling the uncertainty in the amount of gas generated by corrosion (right

frame, Fig. 5). Smaller positive effects are indicated for WGRCOR and WASTU7CK, which affect the mte at u’hich

corrosion takes place, with these effects becoming less impmtant with increasing time.

StepWise regression analysis provides an alternative way to investigate the uncertainty in gas generation

(Table 4). For cumulative gas generation over 10,000 yr due to corrosio~ the dominant variable is HALPOR, dich

cormols the amount of brine entering the repository. Positive effects are also indicated for WG/?COR and

W4STW1CK due 10 tiefi ro]e in in~eas~g tie l-ate of co~osio~ The vtiab]e WM/CDFLG appears in the regression

model with a negative regression coefficient due to its role in reducing brine inflow to tbe repository (Table 2,

Figs. 3, 4). The variable .4ATHPRM also appears in the regression model with a positive regression coeflicien~ which

is consistent with its role in increasing brine flow into the repository (Table 2, Figs. 3. 4). The appearance of

BPLVTPRS at the final step of the analysis is spurious, as may also be the case for the selection of SHRGSSA T at

Step 5. However. it is also possible that SHRGSSA T affects gas and brine flow patterns w’ithin the reposito~. The

exclusion of SHRGSS.4 T and BPI,\rTpRS from the re-gession ana]y-sis reduces tie R~ value of the fml regression

model from 0.76 to 0.75.
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.4s discussed in conjunction with Fig. 7, WM]CDFL.G completely controls .&e amount of gas generation due to

microbial degradation. For total gas generation due to corrosion and microbial degradation, WMICDFLG is also the

dominant variable (Table 4). Mter ?VMKDIZG, the regression analysis for total gas generation selects variables

also selected in the regression analysis for gas generation due to corrosion (i.e., HALPOR, WGRCOR, WASTWICK,

SHRGSSAT, ANHPRM). The two dominant variables with respect to total gas generation are WMICDFLG ~d

HALPOR, with these two variabks producrng patterns that are easily identiled in scatterplots (Fig. 12). The three

ban& of points in the scatterplot for HALPOR resultfrom the effects of the three values that WMICDFLG can take

on.

The analysis outcomes amount of gas genemted by corrosion (Fig. 7), amount of steel remining in the

repository (Fig. 8) and amount of brine consumed by corrosion (Fi~ 13) are highly con-elated (Fig 14). Th~ the

sensitivity analysis results for amount of -g generated by corrosion (Fig. 11, Table 4) are also indicative of the

variables affectig the amount of steel remaking m the reposito~ and the amount of brine consumed by corrosion.

The computational grid used in the 1996 WIPP P.4 is based on chiding the repository into a single lower, or

downdip, waste panel and “nine upper waste panels, with the panel closures placed between these two groups of

panels (Figs. 1, 3, Ref. 2). For disturbed conditions, BR.4GFL0 calculations are performed with the assumption

that tie associated chilling intrusion takes place into the single lower panel. Further, spallings and direct btine

release calculations distimyish between drilling intrusions into upper and lower waste panels. The ratiomle for this

selection was based on the belief that imrusiom into a downdip pane] might be somewhat worse Ii&m a release

perspective than intrusions into an updip panel due to brine flow down the 1° dip on which the repository is

constructed Given the role that distinctions between intmsiom into upper and lower waste panels will play in the

release calculatio~ it is useful to examine the differences in conditions in these two sets of panels.

On a ii-actional basis, more steel is consumed in the lower waste panel than in the upper waste panels (Fig. 15).

This pattern occurs because the lower waste panel receives more brine inflow relative to its volume than the upper

waste panels. W indicated by the many level curves for fraction of steel in the upper waste panels, the corrosion of

steel ceases for many sample elements due to brine depletion. b contras~ this behavior is less pronounced for the

lower waste panel, which receives more brine tiOW from the marker be& relative to its volume than does the upper

waste panels. Also, the ]ower waste p~e] receives btie tit fitially enters the upper waste panels ~d then flows

down dip into the lower waste panel.

The variables W’GI?COR, W43TWCK and HALPOR have negative effects on the amount of steel remaining in

both the upper and lower ~ziste panek (Fig. 15). That is, increasing each of Aese variables tends to decrease the

fiction of steel remaining. The variable WMICDF1.G also appears in the analysis for the }ower waste panel

(Fig. 15). The appearance of 1!141CDFLG in the analysis for the lower waste panel but not the upper \vaste panels

resuks because reducing brine inflow from the ~ker be& h= a -greater impact on a per unit volume basis in tk



]ower waste panel &an it does in tie upper waste panels. specifically, the volume of the upper waste panels is 9

times the volume of the lower waste pmel. ~US, as s,fiIn amounts of brine flow out of the marker beds at the

northern and southern ends of tie co~utatiom] grid (Fig. 2), tie ]ower waste panel receives approximated y 9 times

more brine from the marker beds for each tit of steel tit it contains than is ~ceived by the upper waste panels.

Due to the linkage of gas generation and removal of steel (Fig. 14) and the fact that most gas generation takes place

h the upper waste pane~ the pRCCS b Fig- 15 for fie hction of steel rema~ in the upper waste panels and the

PRCCS in Fig. 11 for-~ genemtion fim corrosion a= with the appropriate reversal in sigm

Re-gression analysis can r@ be wed to tivestigate ~tiab]e importance with respect to fiction of steel

remaining m the upper and lower waste panels (Table 5). For the upper. panek HALPOR, WGRCOR and

JVASTW7CK have negative effects on the fhcdon of steel rc mining, which is consistent with the analysis with

PRCCS (Fi~ 15). The variable WMICDFLG is alSO indicated as having a small positive effe@ which is consistent

with its role in inpding brine tiow from tie rnaxkeI be&. Small effects are also indicated for SHRG.SSA T and

BPINTPR.S, with the selection of BPIATPRS and possl%ly the selection of both variables being spurious. However,

it is also Possx%le that SHRGSS.4 T may affect gas ~d brine flow patterns within the repository. For the lower panel,

fVMJCDFLG, WGRCOR and ~ALpOR bve effects co~istent w-iti those observed in the ardysk tiith PRCCS

(Fig. 15). The ~tiables .4.MHPRM ~d HALPRM ~e selected witi negative regression coefficients, which

corresponds to the role tJlat &ese v~ab]es p]ay ti ~cre~~g bfie flow to the repository (Table 2). The selection of

.SHRGSSAT at the end of the re-sgsion maybe spurious. For perspective, Fig. 16 shows scatterplots for the first
u-

three variables selected in each regression for fraction of steel remaining.

The patterns of steel consumption in the upper md 10WCIwaste panels propagate throu-gh into the patterns of gas

production (Fig. 17). WherI rnicmbi~ de-~&tion takm place, aIl tie cellulose in the rcposito~ is consumed by

2000 yI (Fig- S), with the result that the timedependent patterns of gas generation after 2000 y are determined by

comosion. ~ the more pronounced cessation of steel comqtion ~ tie upper waste panels b in the lower

~ziste panel (Fig. 15) c~es ~CI@ to a co~esponding ]eve]~g off of g= production in the upper waste panels

(Fig. 17).

The dominant variables With respect to gas production in the upper and lower waste panels are WMICDFLG,

HALPOR, WGRCOR and WASTWICK, altiough here is some difference iII &eti relative effects between the upper

and lower panels (Fig. 17). For ewle. JJ’MJCDFLG re~ti more ~o~t over time for gas generation in tie

upper panels than in the lower panel. The upper and lower panels produce similar amounts of gas by microbial

debmdanon on a unit volume basis; howe~,er, tie ]ov,er p~el produces more gm due to conosion on a unit volume

basis because of grea~er availability of bfie. AS a resu]t, iVM}CDFLG is more important w-ith respect to gas

gerwanon in the upper panels thm h tie \ou,er panel. s~]u]y. H.JLPOR is more important to gas generation due

10 corrosion iIJ the upper panels fian in he ]ower pane] due to fie reduction of tie imponance of h’ALPOR in the
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lower panel owing to the inflow of brine from the marker beds. Similar results for gas generation in the upper and

lower panels are also obtained with regression analysis (Table 5).

4. Undisturbed Conditions: Pressure

Pressure in the reposito~ under undisturbed conditions influences the extent to which contaminated brine

mi-gmtes born the repository into the marker beds and also the size of the Spallingsl 5 and direct brinel 6 releases
.

associated with initial drilling intrusions into the repository. Thus, repository pressure is one of the most important

results obtained from modeling brine and gas flow in the vicinity of the repository.

The pressure in the repository tends to initially increase xapidly and then to either approach an asymptote or

show a decreased rate of increase (Fig. 18). Tbe results in Fig. 18 are for the lower waste panel (Fig. 1, Ref. 2);

however, due to Iimited resistance to gas flow m the DRZ and panel closures, pressure is almost the same throu-rgout

the repository, operations area and exqxzimental area. The 1996 W’IPP P.A was performed with three replicated

LHSS of size 100 (Sect 8, Ref. 3), with the results for reposito~ pressure being quite stable across replicates (Fig.

19). Thus. the dism%urion of this important variable that results from subjective uncertainty is being esrimated quite

well within tie a.na@sis-

The dominant conm%utor to the uncertainty in pressure is W~]C’DFLG (Fig. 18), with pressure tending to

increase as WMICDFLG increases. AS previously ticusse~ WMICDFLG controls the amount of gas g@erated by

microbial de-gradation of cellulose. At early times WGRCOR and W,4STWICK are also important with respect 10

pressure, with pressure tending to increase as each of these variables increases. Increases in WGRCOR and

WASTWICK tend to increase gas pressure at early times by increasing the rate at which steel is consumed by

corrosion. However, neither variable affects the total amount of corrosion that will take place, with the result that

their influence on pressure tends to decrease with time. In conti-asq HALPOR has linle effect on pressure at early

times. but increases steadily in imponance with time. This effect results because corrosion occurs only under

inundated conditions. Given that corrosion consumes brine, increased brine in the repository results in more

corrosion and hence in I@gzer pressures. AS discmsed h Sect. 2, HALPOR is the dominant determinant of the

amount of brine that enters the repository and hence of the amount of gas produced by corrosion. The variable

H.4LPOR has little or no effect on pressure at earlier times because of tie availability of brine horn other sources and

the doti”mce of gas generation by the microbial de-~dation of cellulose. However. at later times it is the btirtt

infiow associated with H.4LPOR ~t a]}ou~ comoslon to Confiue.

There is a well-ckfmed relationship between cumulative gas ~eneration and repository pressure (Fig. 20). with--

the results at 10,000 }T showing s]@t]y more scarier tian tie results at 2000 )T due to increased time for gfi

mi-gration into tie rnar”~er beds. The strong positive correlation between gas gmeration and reposi~ory pressure

9



results in the PRCCS in Fig. 11 for total gas generation and the PRCCS in Fig. 18 for repository pressure being

almost identical.

Stqtiem~~ion atiysk(Table 6)protides malte~tive totieamlysis bmedon PRCCsti Fig. l8. The

f@ three variables identified m the reugession analysis are WMICDFLG, HALPOR and WGRCOR, which are also

the top three variables identiled in the analysis with PRCCS at 10,000 yr. In additio~ the regession analysis also

identifies positive efikcts for ANHPRM and SALPRES. Increased values for ANHPRM tend to increase brine flow”

out of the marker beds and thus increase pressure by increasing gas generation due to corrosion (Tables 2, 4).

Increased values for SALPRES tend to reduce gas and brine movement into the marker beds and thus increase

pressure in the repository. increased values for SHRGSSA T are associated with increased gas generation due to

con-osion (Table 4) and thus increased -~ pressure in the reposito~, however, the selection of SHRG53A T in

Table 4 may be spurious. It is also possible that SHRGSSA T may effect gas and brine movement across the

computatiortd cells associated with the shaft (i.e., regions 10, 11 in Fig. 1, Ref. 2). Because of the strong positive

correlation berween -gas generation and pressure (Fig. 20), the regression analysis in Table 6 for repository pressure

and the re-gression analysis in Table 4 for total gas generation are very similar.

Pore volume in the repository (Fig. 21) changes in response to changes in pressure (Fig. 22). Due to the strong

positive correlation between pore volume and pressure, sensitivity analysis for pore volume produces results similar

to those obtained for repository pressure (Fig. 18, Table 6). The coupling between pore volume and pressure is

implemented in the calculation through relationships determined with the SANTOS pro-~ (Sect 4, Re~ 2)-

5. Undisturbed Conditions: Brine Saturation

Unlike press- there is considerable variation between the brine saturation conditions at the southern and

nofiern ends of the repository (Fig. 23). At both ends, brine saturation increases rapidly in the fmt 50 to 1000 Y

due to brine flow from the DRZ (Fig. 1) and reduction in pore volume due to compaction of the waste (Fig. 21).

.4fter this period of rapid increase, brine saturation tends to decrease as brine is consumed more rapidly by corrosion

than it is replaced by inflow. Due to the computatioml -g-id in use (Fig. 1, Ref. 2), the lower waste panel receives

more brine inflow f%om the marker beds relative to its size than the upper waste panels (Fig. 2). The lower panel is

also at the dowmiip end of the repository, with the result that it can also receive brine flowing down from the upper

panels. .4s a resuk the lower panel receives more brine on a unit volume basis than the upper panels and thUS tends

to have a hi-gher brim saturation.

Brine saturation is dropping to zero for some sa~le elements. witi tis tending to occur less often for the lower

waste panel than for the upper waste panels (Fig. 23). Further, brine saturation is more likely to remain at zero for

the upper =zme paneis than tbe lower m~te panel. W%en brine saturation goes to zero in a given computational eel]

(Fig. S. Ref. 2]. corrosion stops but M1]]resume If brine saturation subsequently increases. The complete cessation of
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corrosion is indicated by the level steel fraction curves in Fig. 15, with such cessation occurring for more sample

elements in the upper waste panels than in the lower waste panel.

The estimated mean rind percentile curves for brine saturation show less stability across replicates than the

curves for pressure wigs. 19, 24). This reduced stability results from a limited number of sample elements

producing very high brine saturations while most sample elements produce much lower brine saturations (Fig. 23).

The dominant variables with respect to the uncertainty in brine saturation in the lower waste panel are HALPOR,

WMICDFLG, WGRCOR, WASmCK and ANffPM (Fig. 23). The positive effect for HALPOR results because

increasing HALPOR increases the flow of brine into the lower waste panel from the DRZ in the first 50 to 100 yT of

the caktdation and thus contributes to the rapid rise m brine satumtion during this early time period (Fig.. 23).

However, some of this rapid initial increase m brine saturation is also due to the compaction of the repository at early

times (Fig. 2 I ). The rmgmtive effect for Wh41CDFLG results because increasing J7%4ACDF..G increases pressure in ‘

the reposiroxy, which in turn increases pore volume and decreases brine inflow from the marker beds. Both of the

preceding effec~ uiIl tend to reduce brine saturation. The negative effects for WGRCOR and WASTW7CK result

from increasing the rate at which brine is consumed by corrosion which in turn tends to reduce brine saturation by

both removing brine and increasing pore volume due to increased pressure. Finally, the positive effect for AA’HPRM

results because increasing ANHPRA4 increases brine flow from the marker beds and thus increases saturation in the

lower waste panel.

Similar effkcts are also indicated for HALPOR, WMICDFLG,

brine saturation in the upper waste panels (Fig. 23). However,

J+’GRCOR and WASTW?CK

the panerns of importance

w
.

in the analysis for

for HALPOR and

WMICDFL.G are chanSe& with HAL.POR showing greater importance over the entire 10,000 yr period than for the

lower w~te panel and WA4]CDFLG showing a significant effect at orJy early times. These changes occur because

brine infiow from the marker beds is more important in detemli.nin g saturation in the lower waste panel than in the

upper waste panels, with the result that WM]CDFLG has more influence through tine on the saturation conditions in

the lower uztste panel than on the saturation conditions in the upper waste panels. Because WM}CDFLG has less

effect through time on the saturation conditions in the upper panels. H.4LPOR will corresponding] y tend to remain

more important throug~ time.

Regression analysis pro~tides an altemarive way to investigate the effect of uncertain variables on brine

saturation in the upper and lower waste panels (Table 7) and produces results similar to those obuiined with PRCCS

(Fig. 23). For the lower paneL the ~w-iables HALPOR. J4M]CDFLG, WGRCOR, WASTWICK and .4h1HPRM

identified with PRCCS are also identified in the regression analysis w-ith effects of the same sign (i.e.. saturation

increases aS H.4LPOR and ANHPRM increase and saturation decreases aS J4’M]CDFLG. li’GRCOR and U’ASTJJ7CK

increase). Further- the re-y-ession ~a]vsis idenri fles H“RBRAV5,4T and H.~LPRM as having negati~’e and positive

e-ffecrs. respectively. on brim saturation in the lower panel. Tlnc positive effect for HALPRA4 results because

11
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increaskg HALPRM tends to increase brine flow into the repository. The reason for the negative effect associated

with WRBRNSA T is not cie~, in~itive]y, it seems like incre&ng WRBRNSA T should increase brine saturation. A

possibility is that increasing WRBRNSA T rides itmore difficult for brine to flow into the repository as brine

saturation is reduced below W~RNSA T in individual computational cells due to consumption in the corrosion

process. Another possibility is that the use of brine saturation and WAkW7CK to define an effective satumtion for

the imp]e~~tion Of corrosion (i.e., Sb~ may result in the small negative effect observed for ~’~RN.$AT- .

For the upper waste panek the variables HALPOR, WGRCOR, WMICDFLG and WASTU%CK are identied in

both tbe PRCC analysis (Fig. 23) and the regression analysis (Table 7) as having similar effects on brine saturatioIL

In additio~ the regression analysis also identifies WRBRNSAT, HALPRM and ANHPRM. The positive effects for

HALPRM and ANHPRIU resultfiornincreasingbrine inflow to the repository. It is also possible that increasing

HALJ%M and AA’HPRM may increase brine saturation by increasing gas movement a%ay from the repository, which

would reduce pressure and thereby reduce pore volume and thus increase brine saturation- .4s for tbe lower waste

paneL the reason for the selection of W7ZBR.A’SAT with a negative regression coefficient is not immediately apparent.

For perspective, scarterplots for the top three variables in each of the regression analyses in Table 7 are shown in Fig.

?j-.

In addition to brine saturatio~ brine volume in the waste panels is also important because it influences the

amount of dissolve~ and hence mobile, radionuclides in the repository. Volume of brine in tbe upper waste panels

tends to increase at very early times (i-e., in the first few hundred years) and then decrease monotonicallY”(Fig. 26).

In con- brine volume in the lower panel shows a more complex pattern of be@ior, uith brine volume tending to

increase over the entire 10,000 yr period for some sample eIements and displaying a pattern of early increase

followed by monotonic decrease for other sample elements (Fig. 26).

The dominant variables with respect to brine volume in the upper panels identified by PRCCS are HALPOR,

WGRCOR and W.4STW]CK, wi& bfie voh,lme tending to increase as HALPOR increases and decrease as WGRCOR

and WASTWNX increase (Fig. 26). These effects result because HALPOR influences the amount of brine that enters

the repository due to drainage from the DRZ (Fig. 3, Table 2) and WGRCOR and WASTW7CK influence the rate at

which brine is consumed by corrosion (Fig. I ~, Table j, with fi-action of steel remaining having a rank correlation of

-1 with amount of brine consumed). The negative effect for SALPRES at early times is probably spurious and

resuhs fiorn HALPOR having a PRCC close to 1.

Regression analysis provides an alternative determination of variable importance for volume of brine in upper

panels (Table ~) and also identifies H.4LP0R, WGRCOR and W.4STJf’fCK as important variables with similar effects

as in the analysis with PRCCS. In addition the analysis indicates that brine volume increases as ANHPRM and

I-L4L.PPoWincrzasc and decreases as B3{JCDFLG and WRBRNSA T increase. The eflec~ of these variables have

been previously discussed in the contexx of brine samration. Indeed. the sensitivity analyses for brine saturation
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(Fig. 23, Table 7) and brine vohnne (Fig. 26, Table 8) are vety similar due to tbe substantial correlations that exist

between brine saturation and brine volume in the upper and lower waste panels (Fig. 27).

As for the upper waste paneis, the sensitivity analyses for brine volume in the lower panel (Fig. 26, Table 8) are

very similar to the corresponding results for bfie saturation in the lower panel (Fig. 23, Table 7). In particular,

brine volume tends to increase as HALPOR, ANHPRtU and HALPRM increase and tends to decrease as

WMICDFLG, WGRCO~ WmRNSA T and WASTU?CK increase, with these effects having been previously discussed

in conjunction with brine saturation

6. Undisturbed Conditions: Brine and Gas OutFlow

The anhydrile marker beds provide a possible pathway by which brine ean flow auay from the repository

(Fig. 28). However, the amount of brine thatleaves the repository through the marker beds (i.e-, at the boundary

between the marker beds and the DRZ) tends to be smaller than the amount of brine that enters by this pathway (i.e-,

compare Figs. 1 and 28}. -Most sample elements result in no brine flow away horn the repository in the marker beds

(i.e., less than hak-ofthe sample e$ements result in non.zero cumulative brine flows in Fig. 2S).

The largest brine fio=s amay from the repository take pIace in MB 139, with the next largest flows taking place

in .MB 138 and the smallest flows taking place in anhydrite layers A and B (Fig. 29). Further, the brine flows from

the repository into the shaft tend to be titerrnediate iD size between those into MB 139 and 138 (Fig. 29, although

the largest flows into MB 138 are larger than the largest flows into the shafi

The PRCCS in Fig- 2S indicate that WMICDFLG and HAL,POR are the two most important variables with

respect to brine flow away from the repository, with this flow tentig to increase as each of these variables increases.

Increasing each of th~- variables increases gas generation and thus pressure in the repository, which in turn

increases the pressure -gradient into the marker beds. The scatterplots in Fig. 30 provide a summary of the effects of

lKMICDFLG and H.4LPOR at 10,000 yr.

The variables J4MICDFLG and HALPOR are also the most important variables for brine movement into the

individual marker beds (Table 9). In addirio~ small effects are indicated for several other variables. Increasing

Ji’GRCOR and lf~4S77J7C~’ tend to incre~e bfie movement into tie ~ker bed due to their role in increasing

pressure.’ and increasing S.4LPRES ten& to decrease movement into the marker beds by increasing marker bed

pressure. Positive effects are also indicated for ANHPRM and HALPRM. These two variables potentially play a dud

role by initially increasing brine inflow to the repository and thus pressure due to gas generation by corrosioz and

then by reducing resistance to brine flow away from the repository as pressure increases. The individual regression

models tend to have relarirely low R2 values (i.e.. 0.51 10 ().62) due to the large number of vectors in which no brine

flo~v into the marker beas des place (Fig. 30).
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The last regression in Table 9 is for brine movement in the shaft away from the repository at the top of the DRZ.

The size of the movements is small and typically around 10 m3 (Fig. 29). A number of variables are identified as

affecting this movement but the final regression model has an Rz of only 0.58. The two most important variables are

J?’MICDFLG and SHRGSSA T, with btie flow au%y from the repository tending to increase as each of these

variables increases. Increasing WMICDFLG increases pressure in the repository and hence the movement of brine

away from the repository. Increasing SHRGSSA T changes brine flow patterns in the vicinity of the shafi. For

perspective, scatterplots for WMICDFLG and SHRGSSA T are presented in Fig. 31, with the positive effects indicated

in the regression model apparent but weak

Brine flow away from the repository in the marker beds provides a potential mechanism for radionuclide

qfi to tie acc-ible en~~~ However, flOWSacross the land witbdrawd boundary (i.e., the subsurface

boundary of the accessible environment) away from the repository are zero or very small for most sample ektnents

(Figs. 32, 33). Generally, more flow crosses the land mtithdrawztl boundary rnming away from the reposito~ to the

nordt than to the south (Fig. 33 ). However, it is a mistake to assume that the brine flows in Fig. 33 crossing the Iand

withdrawal boundary ori~ted in the reposito~. The presstirion of the marker beds can cause the movement

across the land withdrmid boundary of brine that was initially present in the marker beds and has never had contact

vith the uziste. For ~tiv~ ctiative fIOWSfrom the SIMfi into the Rustler Formation are also shovm (Fig. 33)..

-~ga~ it js a mjs~e to ~ that these flows necessarily originated in the repository.

The dominant }%able affecting brine flow in the marker beds across the land withdrawal boun~ away horn

the repository is ANHPRM, with this tlow tending to increase as AArHPRM increases due to reduced resistance to

flow (Fig- 32, Table 10). The regressions for flow to the south (Table 10) have low R2 values (i-e., 0.20 to 0.23) due

to the large number of zero results (Fig. 33). However, the models for flow to tie north and also for total flow are

also tather poor with R2 ~dues of 0.80, 0.59, 0.33 and 0.65 (Table 10) due to the large number of zero or very srtd]

flows (Fig. 34)- However, when flow does occur, it takes place for larger values of ,4NHPRM and aIso tends to

increase as ANiiPRM increases (Fig. 34).

The last regression in Table 10 is for brine flow out of the shaft into the Culebra. Brine flow out of the shaft is

much greater than brine flow into the shafi at the repository (Figs. 29, 33). Thus, most of the brine exiting the shaft

in:o the Culebra did not enter the shaft directly from the reposito~. The variables SHPRMCLY and SHPRh4HAL

appear h the re-~ession mode] u-iti positive re~ession coefficients because increasing their values reduces

resistance to flow. The vat-iabies H.4LPRM and S,4LPRES appear in the regression model \vith positive regression

coefficients because increasing their \-a]ues ten& to increase brine movement from the Salado halite to the shaft.

Finally. WA4JCDFLG also appears in the regression model with a positive coefficient because increasing its values

tends lo increase reposito~ pressure and thus increase brine movement a~vay from the repository.
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Gas flo~v can also take place in the anhydrite marker beds away from the repository, although little appreciable

gas movement takes place for most sample elements (Fig. 35). Most gas movement in the individual marker beds

tends to take pIace to tAe north (Fig. 36). In particular, MB 139 South experiences little gas inflow due to the

tendency of brine to drain to its interface with the DE! (Fig. 36).

The dominant wzriable in det ermining the amount of.- that moves away from the repository is WMICDFLG,

with -m movmmnt tending to increase as W347CDFLG increases due to increased repository pressure (Fig. 35,

Table 11). In additio~ -g movement tends to increase with increasing values for HALPOR, WGRCOR and

ANHPRM, and to decrease with increasing values for ANHBCVGP and SALPRES. Increasing H.4LPOR and

WGRCOR increases .= generation and hence pressure in the repository. Increasing ANHPRM increases repository

~by~ - w.= generation due to corrosion and also reduces resistance to gas flow into the marker beds.

In con- iri.aeasing SALPRES reduces gas flow into the marker beds by increasing the pressure within the marker

beds. The negatk effem for ANHBCVGP indicates that gas is more likely to move into the marker beds when the

Brooks-Corey mockl is in use. The very low R2 vahx for gas movement into MB 139 South (i.e., 0.28) results from

the ku-ge number of sample elements in which no ~~ movement takes place (Fig. 36). .%atterplots for the three most

important variables with respect to gas movement away from the repository (i.e., WMICDFLG, H.4LPOR and

,4A’HBCVGP) are -@en in Fig. 37, with the positive effects for JVMICDFLG and HALPOR and the negative effect

for .4.N’HBCVGP being discernible within these plots.

Vem little Qas movement takes place throue@ the shaft to the Culebra (Fig. 36). Due to the large nur#er of zero.

and very small (i= probably numerical noise) results, the corresponding regression analysis (Table 11) produces

rather poor results (ie= R2 = 0.49). However, examination of scatterplots shows the nonzero gas releases tend to be

associated witi small values for SHRGSSA T (Fig. 38).

The increased pre ssurization of the marker beds that results from gas generation in the repository can cause the

marker beds to ii-acnxre and increase in pore volume (Fig. 39). However, pressure induced fracturing does not occur

for most sample elements. Fracturing OCCUrSalmost equally to the north and south of the repository, with perhaps a

slig@ttendency to=ards a greater increase in ticture-induced pore vohn-ne to the north (Fig. 40). Due to changes in

pressure, the additional pore volume associated with fiacruring can both increase and decrease with time (Fig. 39).

Due to its infiuence on volume of gas generated and hence reposito~ pressure. WMICDFLG is the most

important variable u-ith respect to pore volume increase due to ii-acturing, with pore volume tending to increase as

IVMICDFLG in~~ (Fig. 39, Tab]e II). In addition pore vo]~e tends to increase as HALPUR and M’GRCOR

increase due to increased gas generation and to decrease as 5ALPRES kcreases due to reduced gas and brine inflow

10 the marker beds (Table 12). However, the R? values for the individual re~ession models tend to be low (i.e.. 0.31

to 0.49 in Table 12’}due to the large number of obsemations that result in no increase in pore volume. Scatterplots



for the effects of J{341CDFLG3 HALPOR, SALPRES and WGRCOR on pore volume increase at 10,000 yr are shown

in Fig.41, with the two strongest trends involving WMICDFLG and HALPOR.

Fracturing is of concern because it can create zones of enhanced permeability between the repository and the

boundary with the accessible environment (i.e., the land withdrawal boundary), which is 2.75 km ffom the

repository. The longest observed fractures were approximately 2 Ian in length (Table 13) and thus did not reach the

accessl%le environrncat Further, most sample elements result in no ilacturing of the marker beds (Table 13)- .h for

fracture volume, fixture lergth can both increase and decrease with time due to changes in pressure (Fig- 42).

Fracture volume (I%g- 40) and length (Table 13) are highly correlated. Specifically, rank correlations of 0.9999,

0.9994,0.9997, 0.9996, 0.9991 and 0.9987 exist between flacture volume and length for MB 138 hlortlq MB 138

Souti Anbydrites a and b No* hltydrites a and b Sou@ MB 139 Nod and M% 139 South. Thw the

sensiti~tity analysis results obtained for fracture volume (Table 12, Fig.41) also apply to fracture length.

7. Discussion

Uncertainty and seeiti~-i~ anal-ysis procedures based on Latin h}Tercube sampling. examination of scatterplots,

stepwise regression analysis, partial comelation analysis, ~d G@ ~fo~tions were used to investigate brine

inflow, gas generario~ repository pressure, brine saturatio~ and brine and gas outflow in the vicinity of the

repository under tmdismrbed conditions. Re.gession analyses and partial correlation analyses base~ on rank-

ttansfortned &ta generally performed better than analyses based on raw (i.e., untransformed) data. In some cases,

nonlinear relationships between the input (i.e-, sampled) and output (i.e., predicted) variables gave rise to poor

results with rank-trartsformed daw, in these cases, the examination of scatterplots was used to develop an

understanding of the relationships between the input and output variables.

The sampled variables were assi.~ed distributions that characterized subjective tmcertainty.3 Thus, the

presented uncertainty and sensitivity anaiysis results, are showing the effects of subjective, or state of knowledge,

uncertainty and result from an inte-rgtion over the probability space (Sw, ~ SU,p$u) associated with subjective

uncertain~ (Sect. 5. Ref. 11). Further, all results are conditional on the existence of undisturbed conditions at the

repository, which is equivalent to being conditional on the element x~r.o of the sample space S~, associated vith the

probability space (S~r ~ s,. p,,) for stochmic uncertainty that corresponds to undisturbed conditions (Sect. 12.

Ref. 4).

Of the results under study. repository pressure is potentially the most important due to its influence on

< 1T and ~ect bfi~l b releases. In pa~icular. no spallings and direct brine releases are believed to havespallings*-.

the potential to occur w-hen reposito~ pressure is below 8 MPa, which is the pressure exerted by a column of drilling

fluid at the depth of the reposito~. ;~ me ~ce~lnN ana]l~sls sho~ved fiat in he conle.st of the assessed subjective.-
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uncertainty in the anal<ysis,there is a siG@icant likelihood (i.e., degree of belie~ that pressure in the repository under

undisturbed conditions will rise above 8 MPa (Fig. 18). Further, this assessment was found to be quite stable over

the three independent LHSs in use (Fig. 19). Sensitivity analysis showed that the uncertainty in repository pressure is

dominated by the extent to which microbial degradation of cellulose takes place, the rate at which the corrosion of

steel takes plac~ and the amount of brine that drains born the surrounding disturbed rock zone into the repository

(Fig. 18, Table 6).

Brine saturation can affect direct brine releases, with no direct brine releases taking place for saturations below

approximately 0.4 (Figs- 8, 11, Ret 16). Brine saturations were generally lower in the upper (i.e., updip) waste

panels than m the lower (ie., downdip) waste panel (Fig. 23). In both the upper and lower waste panek the brine

sanuation was ofien mo low to produce direct brine releases. The uncertainty in brine saturation was dominated by

the amount of brine that draii from the surroundin~ disturbed rock zone into the repository, the rate at which the

corrosion of steel takes place, the extent to which brine ticking into the waste occ~ and the extent to which

microbiaI de-gra&rion of cellulose occurs (Fig- 23, Table 7). Brine satumtion was not used in the calculation of

spaliiigs releases in the 1996 W’I.PP PA but may be an important input in future calculations of spallings

releases.]~.19

-Another amd@.s outcome of importance is pressure-induced fracturing in the anhydrite marker beds in the

~lcinity of the repository and the subsequent movement of bfie away from the repository in these fiacrures. Such

brine movement is potentially important because it can transport radionuclides away horn the repo~tory. The

uncertainty analysis showed limited ficturing of the anhydrite marker beds, with none of the fractures reaching the

boundary of the accessible environment at approximately 2.8 km from the reposito~ (Fig. 42, Table 13). Fu.nher,

little brine flow across the boundary with the accessl%le environment and away from the repository was observed

(Fig. 33), with most of the flows having never been in contact with the waste.

Brine flow up or down the sealed shaft is also of potential importance. However, the shafi seals were found to

be quite effective. uith essentially no brine flow berween the repository and the Ctdebra Dolomite taking place in the

shal?.s (Figs. 6.29, 33).

in addition to providing insi-@s on the uncertainty in predictions of important variables and the input variables

that give.rise to this uncertainty, the uncertainty and sensitivity analysis techniques in use provide a powerful too] for

mode! verification- h particular, the ex~ensive sensitivity analysis results provide an opponuni~ to examine marIY

analysis outcomes foi anomalous behavior that maybe due to an error in the development of the underlying model or

the implementation of the analysis. Fommately, no such errors were found.

Tine cieveloprmml of we-phase fIOW modeling as part of the \VIPP P.4 can be traced throu~~ a sequence of

unce~in~ and scwsirivi~ analyses performed as pan of T& 199] \l-Ipp P.4 (Refs. 20-25). the 1992 RIPP P.A
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(Vols. 4,5, Ref. 26) and the applications of a systems prioritization methodology (Ref. 27). The general tendency

throus@ time has been toward more detailed representations of the geometry of the repository and the processes that

take place in the vicinity of the repository. As more detailed modeling and more refined parameter values are Uset

the trend has been towards lower estimated repository pressures.

Althou-@ of interest by themselves, results contained in this presentation also constitute inputs to other parts of

the 1996 WIPP PA. In particular, pressure results are used as input to the spallings calct.dations,15 pressure and

brine saturation results are used as input to the direct brine release calculations,16 and brine flow patterns are used as

input to the radionuclide transport calcttlations.2S ~
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conditions.
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brine flow into repository (BRNREPTQ under undisturbed conditions with ANHCOMP and HALCOMP

excluded horn calculation.
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Fig. 7. cumulative gas gene~tion due to corrosion (FE_JfOLE) and microbial degradation of ce]lu]ose

(CEL.L_MOL) under undisturbed conditions.
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Fig. 8. Time-dependent masses of steel (FE_KG) and cellulose (CELL_KG) in repository under undisturbed
conditions.
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under undistur~.d conditions.
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corrosion (FE_MO.LE), amount of steel remaining in the
repository (FE_h’G) and amount of brine consumed by conosion (BR,h_RMV) at ] 0,000 yr under
undisturbed conditions. The scatte@ot for mount of brine removed should actually be a straight line, with

the resolution at which computational results were stored introducing the scatter in the plot.
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undisturbed conditions.
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Fig. 33. Cumulative brine flow over 10,000 yr away from repository in individual marker beds at land withdrawal

boundary (BRM38NLW, BRM38SLW, BRAABNLW, BRAABSLW, BlWf39NLW, BRM39SLW, BRAALLWC)

and in shah at boundary with Rustler Formation (BRNSHUC) under undisturbed conditions.
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Table 1. Results Calculated by BRAGFLO Considered in Uncertainty and Sensitivity Analyses
for Fluid Flow in the Vicinity of the Repository under Undisturbed (i.e., EO) Conditions

BR4ABNlC<umtdative brine flow (x@ out of north anhydrites A and B into disturbed rock zone (DRZ)

(i.e., from Cell 556 to Cell 527 in Fig. 3, Ref. 2)

I LR4AMW.W4krnulative brine flow (ID3) in north anhydrites A and B across land withdrawal boundary (i.e.,

from CelI 561 to Cell 562 in Fig. 3, Ref. 2)

I BRAABNOC~ tive brine flow (n#) out of DRZ into north anbydrites A and B (i.e-, from Cell 527 to
Cell 556 in Fig. 3, Ref 2)

I BRAABSLW~ative brine flow (ID3) in SOUt?I ~ydrites A and B acro~ land withdrawal boundary (i.e.,

horn Cell 550 to Cell 549 in Fig. 3, Ref 2)

I BRAABSOC<ttmulative brine flow (n?) out of MU into south anbydrites A and B (i.e., from Cell 482 to
Cell 555 in Fig. 3, Ref 2)

BRAALLW’tmndative brine flow (m3) in all MM across land withdrawal botmdary (i-e., BRM38NLW +

BR4ABAXW+ BRM39h% W+ BRM38SA?LW+ BRAABNL W + BRM39SLW)

BR4ALOC<t.untdative brine flow (rr?) out of DRZ into all MBs (i.e., BRM38NOC - BRAABNOC -

BRM39NOC •+BRM38S.ATOC + BR4.4BNOC + BRIU39SOC)

BRM38NLW<urrndative brine flow (d) in north MB 138 across land withdrawal boundary (i.e., from Cell

593 to Cell 594 in Fig-3, Ref. 2)

BRM3i?NOC<tunulative brine fIOW (rD3) out of DRZ into north MB 138 (i.e., from Cell 5S7 to Cell 588 in

Fig. 3, Ref. 2)

BlW438SlC<urmdative brine flow (ID3) out of south MB138 into DRZ (i.e., horn Cell 571 to Cell ?72 in
Fig- 3, Ret 2)

BRM38SLW<mmdative brine flow (x@ iD SOUtb .MB138 across land withdrawal boundary (i.e., from Cell

566 to Cell 565 in Fig. 3, Refi 2)

BRM38SOC<umtdative brine flow (rn3) out of DRZ into south MB 138 (i.q, horn Cell 572 to Cell 571 in

Fig. 3, Ref. 2)

BRA439iWC<urnulative brine flow (I&) out of north MB 139 into DRZ (i.e., from Cell 540 to Cell 465 in
Fig ~, Ref. 2)

BRM39NL W’urnulative brine flow (ins) in nofi MB 139 across iand withdrawal boundary (i.e-, tlom Cell
545 to Cell 546 in Fig. 3, Ref. 2)

. .

BRM39NOC<umulative brine flow (ins) out of DRZ into north MB139 (i.e., from Cell 465 to Cell 540 in

Fig. 3. Ref. 2)

BRM39SlC<umulative brine flow (11#) out of SOUd-I MB139 into DRZ (i.e.. from Cell 539 to Cell 436 in

Fig. 3, Ref. 2)

BRM39SL U’<urnulative brine flow (x#) h SOU& MB 139 across kind withdrawal boundary (i.e., from Cell

534 to Cell 533 in Fig. 3, Ref. 2)

...... ....”

BRM39SOC<umulative brine fjow (m~) out of Du into south .MB 139 (i.e. - from Cell 436 to Cell 539 in

Fig. 3. Ref. 2)
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Table 1. Results Calculated by BRAGFLO Considered in Uncertainty and Sensitivity Analyses
for Fluid Fiow in the Vicinity of the Repository under Undisturbed (i.e., EO) Conditions
(continued)

BRA_Dh!SE&Gnndative brine flow (~) down shaft at upper boundary of DRZ (i.e., born Cell 654 to Cell

653 in Fig. 3, Ret 2)

BRh_RMV<umtdative brine (n-?) consume d in repository by corrosion (i.e., in Cells 596-625 in Fig. 3,
Ret 2)

BRNVOL._R---Brinc volume (~) in upper waste panels (i.e., in Cells 617-625 in Fig. 3, Ref. 2)

BRNVOL_WQrine volume (~) in lower waste panels (i.e., m Cells 596-616 in Fig. 3, Ref. 2)

BRNREPTC<unndative brine flow (rt#) into repository (i.e., into region corresponding to Cells 596-625,

638-640 m Fig. 3, Ref. 2)

BRNSHUC<umtdative brine flow (~) up shaft at boundary benveen Salado and Rustler Formations (i.e.,

from Cdl 660 to Cdl 661 in Fig. 3, Ref- 2)

13SCL8AOC-Curnulative brine flow (~) up shafl at boundary of DRZ and intact bzdite(ie-, born Cell 653 to

Cell 654)

CEi.L_K&.Mass of cellulose (kg) in repository (i.e., in Cells 596-625 in Fig. 3, Ref. 2)

CELL_M_Hunndative gas generation (moI) in repository due to microbial de-ga&tion of cellulose under
inundated conditions (i.e., in Cells 596-625 in Fig. 3, Ref. 2)

CELL_M_&Curnulative gas generation (mol) in repository due to microbial de-g-adation of cellulose under

inun&ted conditions (ie., in Cells 596-625 in Fig-3, Ref. 2)
-U

CELL_MOL<umuIative gas generation (mol) in repository due to microbial de-gradation of cellulose (i.e.,
CELL_M_H + CELL M 1)--

FE_KHass of steel (kg) in repository (i.e., in Ceils 596-625 in Fig. 3, Ref. 2)

FE_MOLE<tmndative gas generation (mol) in repository due to corrosion (i.e., in Cells 596-625 in Fig. 3,
ReK 2)

FEREM_R4%action of steel remaining in upper waste panels (i.e., in Cells 617-625 in Fig. 3, Ref. 2)

FEREM_W+raction of steel remaining in lower waste panel (i.e., in Cells 596-616 in Fig. 3, Ref. 2)

FRACXABWn-@ (m) of fractured zone in north anhydrites .4 and B (i.e.. in Cells 556-563 in Fig. 3,
Ref. 2)

FR4 CXABHn-sg (m) of fractured zone in south anhydrites .A and B (i.e., in Cells 548-555 in Fig. 3,

Ref. 2)

FR4CX38~en-@ (m) of tlactured zone in north MB 138 (i.e.. in Ceils 5S8-595 in Fig. 3, Ref. 2)

FR4CX38&Len=ti (m) of fi-actured zone in south MB 138 (i.e.. in Cells 564-571 in Fig. 3, Ref. 2)

FRA~39Hen@ (m) of fractured zone in north MB 139 (i.e.. in Cells 540-547 in Fig. 3. Ref. 2)

FR4~39+Len@ (m) of fractured zone in SOUti MB 139 (i.e.. in Cells 532-539 in Fig. 3, Ref. 2)
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Table 1. Results Calculated by BRAGFLO Considered in Urtcertak@ and Sensitivity Analyses

for Fluid Flow in the Vicinity of the Repository under Undisturbed (i.e., EO) Conditions
(continued)

GAS_MOLE-Total cumulative gas genemtion in repository (i.e., FE_MOLE + CELL_h40L)

GASMOL_R<umulative -m generation (rnol) in upper waste panels due to corrosion and microbial

de-gadation (i.e., in Cells 617-625 in Fig. 3, Ref. 2)

GASMOL_W<umulative gas generation (mol) in lower waste panel due to corrosion and microbial

degra&tion (i-e., in Cells 596-616 in Fig. 3, Ref 2)

GSAABNIHumubtive -~ flow (mol) out of north anbydrites A and B into DRZ (i.e-, from Ceil 556 to Cell

527 in Fig. 3, Ref. 2)

GSAABNOCAunndanv - e gas flow (mol) out of DRZ into north anhytites A and B (i.e., from Cell 527 to

Cell 556 in Fig. 3, Ret 2)

GSAABSI=uundatie gas flow (mol) out of south anhydrites A and B into DRZ (i.e., from Cell 555 to Cell

4S2 in Fig. 3, Refl 2)

GSAABSOC<unndative gas flow (mol) out of DRZ into south anhydrites.4 and B (i.e., from Cell 482 to Cell

555 in Fig. 3, Ref. 2)

GSA.4LJ~urnu1arive gas flow (rnol) out of all MI% into DRZ (i.e., GSh438NlIi4 + GSA.4BNIM +

GSM39NIM + GSM38.S.VIM + GS.4.4BNIM + GSM39SIM3

GSAALO~umuIative gas flow (mol) out of DRZ into all MBs (i.e., GSM38NOC + GSAABNOC +

GSM39NOC + GSM38S.VOC + GSAABNOC + GSM39SOC)
m-

GSM38NJA4--Cumulative gas flow (mol) out of north MB138 into DRZ (i.e., tiom Cell 588 to Cell 587 in
Fig. ~, Ref 2)

GSM38NOC<umulative gas flow (mol) out of DRZ into north MB 138 (i-e-, born Cell 587 to Cell 588 in
Fig. 3, Ref. 2)

GSM38SlA&-Cumulative gas flow (I@ out of south MB 138 into DRZ (i.e., from Cell 571 to Cell 572 in

Fig. 3, Ref. 2)

GSM38SOC<umulative gas flow (mol) out of DRZ into south MB 138 (i.e., iiom Cell 572 to Cell 571 in
Fig. 3, Ref. 2)

GSM39NLi&-Cumulative gas flow (mol) out of north MB 139 into DRZ (i.e., from Cell 54010 Cell 465 in
Fig. 3, Ref. 2)

GSM39~OC<umulauve gas flow (mol) out of DRZ into north MB 139 (i.e.. from Cell 465 to Cell 540 in

Fig. 3, Ref. 2)

GSM39SlHurnulativc gas flow (mol) out of south MB 139 into DRZ (i.e., from Cell 539 to Cell 436 in
Fig. 3, Ref. 2)

GSM39SOC<umtdarive gas flow (mol) out of DU tito south MB 139 (i.e., from Cell 436 to Cell 539 in

Fig. 3. Ref. 2)

GSMSHLtPC<umuiat]~e gas flow (mol) up shafi at boundary between Salado and Rustier Formations (i.e.,
from Cell 660 to Cell 661 in Fig. 3. Ref. 2)



Table 1. Results Calculated by BRAGFLO Considered in Uncertainty and Sensitivity Analyses
for Fluid Flow in the Vicinity of the Repositoy under Undisturbed (i.e., EO) Conditions
(continued)

PORVOL_R40re vohxme (~) in upper waste panels (i.e., in Cells 617-625 in Fig. 3, Ref. 2)

PORVOL_T-Totrd pore volume (rx#) in repository (i.e., in Cells 596-625 in Fig. 3, Ref. 2)

PORVOL_W40re vohune (I@ in lower waste panels (i.e., in Cells 596-616 in Fig. 3, Refl 2)

PVOLI_TAore vohnx increase (rr?) due to fi-acturing in all MBs (i.e., PVOL138N + PVOLIABN +

PVOLi39N+ PVOL138S + PVOLIABS + PVOL139S)

PVOLIABMore volume increase (d) due to fracturing in north anbydrites.4 and B (i.e., in Cells 556-563
in Fig. 3, Ref 2)

PVOLfAB~ore vohxne increase (rI#) due to fkturing in south anhydrites A and B (i-e., in Cells 548-555 in
Fig. 3, Refl 2)

PVOL138~ore volume increase (n?) due to fracturing in nonth MB 138 (i.e-, in Cells 588-595 in Fig. 3,
Ref. 2)

PVOL/58Wore volume increase (~) due to fracturing in sourh MB 138 (i.e., in Cells 564-571 in Fig. 3,

Ret 2)

PVOL139Hore volume increase (xx$) due to fi-acturing in north MB 139 (i.e., in Cells 540-547 in Fig. 3,
Ref. 2)

PVOL139~ore volume increase(rr$) due to fracturing in south MB 139 (i.e., in Cells 532-539 in Fig. 3,
Ref. 2) w

u

REP_PRE~ (Pa) in upper waste panels (i.e., average pressure calculated over Cells 617-625 in
Fig. 3, ReE 2)

RH_SAT=rim srmxation in upper waste panels (i.e., average brine saturation calculated over Cells 617-
625 in Fig. 3, Ref 2)

W4S_PRES-Ikssme (Pa) in lower waste panel (i.e., average pressure calculated over Cells 596-616 in

Fig. 5, Ref. 2)

W,4S_.SATHrine saturation in lower waste panel (i.e-, average brine saturation calculated over Cells 596-

616 in Fig. 3, Ref. 2)
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I ame z. >Iepwlse RegressIon Fu3alyses with KanK- 1ranstormea Uata Tor Lumulatwe kmne tlow

over 10,000$ into DRZ (BRM38N1C, BRM38SIC, f3RAA5N/C, BRAABS/C, BRM39N/C,
H?M29S/C, f3RAAL/C) and into repository (M?NREPTC) under Undisturbed Conditions

MB 138 Nortk BRM38AYC MB 13S SoUtlx BRM38SlC Anh a andb Nortk BRAABAVC Anh a andb Soutk BRAABSIC

Variabkb

A?JHPRM

nMICDFLG

HAPRM

HALPOR
WGRCOR

SALPRES

WASTWICK

wGRhila

SRM5

0.75

~s~

420

-0.12

-0.12

0.11

-0.08

-0.06

Variable ~

ANHPRM

WAfIWFLG

HAL.PRM

WGRCOR

HALPDR

S4LPRES

umTwIcK

wGmTa

SRRC

0.73

455

-0.18

-0.12

-0.11

0.10

-o.o~

-0.06

P

0.51

0.s0

0.83

0.85

0.86

0.87

0.88

0.88

variable

WMICDFLG

ANHPRM

HALPOR

WGRCOR

SA.uwES

WASTE7CK

HALPRM

SHRGSS4T

SRRC

-0.72

0.60

-0.15

-0.16

0.12

-0.09

0.09

-0.05

@

0.43

0.79

0.81

0.84

0.85

0.86

0.87

0.87

Variable

WMICDFLG

ANHPRM

IULPOR

WGRCOR

SALPREs

HALPRM

Wmcx

SHRGSSAT

SRRC

-0.66

059

-0.16

-0.16

0.11

0.11

-0.09

-0.05

d

0.43

0.77

0.80

0.83

0.84

0-85

0.86

0-86

step’

1

2

3

4

5

6

7

8

0.54

0.80

0.84

0.86

0.87

0.88

0.89

039

MB 139 Nmt)t BFXf39HlC MB 139 Scdc BR.M39SIC M% TonL BRAALIC RcpQsiIay TOQL BRNRCPTC

Wriabk

WMJCDFLG

AXHPRM

H,4LPOR

H.4LPRhf

WGRCOR

s4LPRE.s

HXTWCK

SRRC

+65

0.60

-0.16

0.15

-0.15

0.12

-0.10

d

0.42

0.7s

0.80

0.E3

0.85

0.86

0.87

Varia~k

WhflCDFLG

A.WPRM

H.4L.PRM

.E?4LPOR

WGRCOR

SALPRES

WASTWCK

SRRC

-0.65

0.57

0.19

-0.16

-0.15

0.12

-0.10

—
i+
—

0.43

0.75

0.79

0.81

0.84

0.85

0.86
.

v-k

WMXW.=LG

ANHPRM

HALPOR

14’GRCOR

HALPRM

SALPR.E$

JK4snncx

=7=
-0.66 0.43

0.59 0.75

-0.16 0.80

-0.15 0.s2

0.14 0.85

0.12 0.86

-0.10 0.87

Variable

H.4LPOR

WKDFLG

ANHPRU

WRBRVS4 T

hMuxM

WGRCOR

WASTF7CK

SRRC

0.88

_oQ6

0.18

-0.09

0.09

-0.08

-0.06

i?

O.n

0.85

0.88

0.89

0.89

0.90

0.90

step

c Standardized mk rcgrcsaicm cocffkicms m final regression modeL

d Cumulaivc # value u+th entry of each wsriabk rnIO negrcssion n@eL

Table 3. Rank Correlations between ANHPRM, ANHCOMP, HALPRM, HALCOMP and Cumulative
Brine flow from the Marker Beds over 10,000 yr under Undisturbed Conditions

ANHPRM 1.0000

ANHCOMP -0.9887 1.0000

HALPRM 0.0131 -0.0026 1.0000

H.4LCOMP -0.0084 -0.0021 -0.9836 1.0000

BUM38NIC 0.7343 -o 77-)7. --- -0.1670 0.1773

BRM38SIC 0.7162 -0.7036 –0.1384 0.1496

BR4.4BNiC 0.5890 -0.5740 0.1314 -0.1160

BR.4ABsic 0.5769 -0.56?1 0.1518 -0.1355

BRM39A’IC 0.5840 -(3.5670 0.1931 -0.1775

BRM39SJC 0-5599 4.5429 ().~~74 -0.2115

BR4.4LIC 0.5804 -0.5640 0.1850 -0.1694

.4A7-IPRM .4NHCOMP HALPRM HALCOMP
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Table 4. Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Gas
Generation over 10,000 yr due to Corrosion of Steel (fE_MOLE) and to Corrosion of Steel
and Microbial Degradation of Cellulose (GAS_MOLE) under Undisturbed Conditions

Corrosion of Steel and Microbial De.g-adation
of Cellulose: GAS MOLEI Corrosion of Steek FE_MOLE

~2

0.39

0.72

0.80

0.81

0.81

0.82

Variable 1 SRRC

J
1

2
3
4
5
6
7

M4LPOR
WGRCOR
B2WICDFLG
E4mfx
SHRGSS4T
ANHPRM
BPINZPRS

0.73
0.39

-0.20
0.11

0.09
0-09
0.07

0.55
0-69
0.73
0.74
0.75
0.76
0.76

WM’’CDFLG 0.62

HALPOR 0-57

WGRCOR 0.28

ANHPRM 0.08

WASTW7CK 0.07

SHRGSSA T 0-07

Stzps in sscpwisc ~andysis

VariablS Iistaj in tiof~kujon in ~ioss anal-wiswirhANHCOMP and HALCOMP excludedfim entry imo regression modcL

Standard&d h mgmssioncocfiicimtsin final ~bss modeL

Cumulative# ~ahscwith entryof each wriabk rnto rcgms.sims modeI.

Table 5. Stepwise Regression Analyses W-ti Rank-Transformed Data for Fraction of Steel
Remaining and Total Gas Generation in Upper (H3?.EM_R, GASMO.L_R) and Lower
(FE.REM_W, GASMOL_W) Waste Panels at 10,000 yr Under Undisturbed Conditions

F-ion SteelRemainingLower

Waae PaneLsFEREM_ H’

Friction Steel Ranainiig upper

W%e I?anek ~-R

TotalGasGcncmion Upper

Waste panels GASMOL_R

[

step’

1

2

3

4

5

6

Variableb

HALPOR

WGRCOR

WMKDFLG

f4XiTWICK

SHRGSSAT

BPIN7PRS

SRIC

-0.78

-035

0.12

-0.10

-0.08

-0.06

P

0.63

0.75

0.76

0.77

0.78

0.78

Variabk

WMICDFLG

WGRCOR

HALPOR

AA’HPRM

HALPRM

SHRGS.MT

SRRC

0.46

-0.45

-0.38

~.~~

-0.09

-0.09

\%abk

WMICDFLG

HALPOR

WGRCOR

wAS7-n7cK

SHRGSSA T T
SRRC F

0.65 0.43

0.58 0.77

f).~4 0.83

0.07 0.83

0.06 0.83

%riabk

WGRCOR

HALPOR

ANHPRM

WMICDFLG

HALPRM

SHRGSSAT

SRRC

0.47

0.45

0.33

0.17

0.12

0.0s

o.~3

0.44

0.55

0.58

0.59

0.60

f)~()

0.41

0.56

0.63

0.63

0.64
—

●

b

c

d

Steps in stepwise .~ion anal-yis.

Variabks ]ismd in ~ OfXk&m in m~sjon anal>~is with ,4.NIfCOJfp ~d /fALCO,AfP excluded from enny into regression model.

Standardizedlank ~mn cocffiimts in final regression model.

Cusssulativc R’ \aiuc wth amy of each twiabie into regression model,

57
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Table 6. Stepwise Regression Analysis with Rank-Transformed Data for Pressure in the Repository
(WAS_PRES) at 10,000 yr Under Undisturbed Conditions

Table 7.

Stepa ~

1

2

3

4

5

6

Variableb

JZMICDFLG

HALPOR

WGRCOR

ANHPRU

SALPRES

SHRGSSXT

SRIW

0.71

0.45

0.23

0.11

0.07

0.06

0.52

0.73

0-79

0.80

0.80

0.81

a Steps in ssepwisc regression analysis

HALCOMP cxciodaf fiorn entry into regression modeL

c Snmiardii mnk -ion meff!cients in fii regression model.
d~muhj,a # ,=lW ~.j~ ~0 Of~ch w-iabk imo regressimm~L

.%epwise Regression Analyses with Rank-Transformed Data for Brine Saturation in the
Upper (REP_SATf3) and Lower (WAS_ SATB) Waste Panels at 10,000 yr Under
Undisturbed Conditions

Brine Samration

upper Waste Panels: REP. .

Variableb

HALPOR
WGRCOR
WASTWICK
WMICDFLG
WRBRNSA T
HALPRM
ANHPRM

SRFU

0.53

-0.53
-0-35
-0.15
-0.10

0.09
0.08

d TB

R2d

0-27
0.55
0.67
0.70
0.71
0.71
0.72

Brine Saturation z
Lower Waste Panek WAS.SATB

Variable I SRRC I R’

WMICDFLG

WGRCOR

ANHPRM

HALPOR

WRBRNSA T

~VASIWiCK

HALPRM

-0.59
–0.43

0.23
0.21

–O.18
-0.16

0.11

0.39
0.57
0.62
0.66
0.69
0.72
0.73

a Steps in swpwise regression analysis.

~ V@bks lj~t~ jn o~m Of~imjm in ~ion anaiwis with ANHCOAfP and ff,4LCOMP excluded from mm into ~Psion m~el

c Standardized tank regression cocflicimts in final regression mode}.

d Cumulative # ialue with emry of each }ariable into regression model.
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StepWise Regression Analyses with Rank-Transformed Data for Brine Volume in the Upper
(f3RNVOL_R) and Lower (BRAfVOL_W) Waste Panels at 10,000 yr Under Undisturbed

t atxe 5.

Table 9.

Conditions

I Brine Volume Brine Volume

Upper Waste Panels: BRNVOL_R Lower Waste Panek BRNVOL_ W

SRIUY
0.57

-0.51

-0.34
-0.12

0.10

-0.10
-0.09

—

T
SRRC R2

-o.j~ 0.30

-0.39 0.44
0.33 0.55
0.~8 0.63

-0.20 0.67
-0.15 0.69

0-13 0.71

Variableb

HALPOR
WGRCOR
WASTWICK
WMICDFLG
ANHPILM
W7WRNSAT

HALPRM

R2d

0.31
0.57
0.69
0.70
0.71
0.72
0.73

step’ Variable

WMICDFLG

WGRCOR

HALPOR

ANHPRM

WRBRNSA T

WASTWICK

HALPRM

1
~

3
4

5
6
7

a steps m %cpssisc rcgsusion anafysis

b ~r~b~ M ~ ~= SSf~~on jn~ion anaiy+swish,WiiCOMP andHALCOMP =Ciuded fmm ~o?’ imo

regressionsmodeL

c ssamkw&d rankregressioncoefiickntsin final regressionmodel

d Cumuiaei-t= # >aIue with entsy of each wariabk imo regression model

Stepwise Regression Analyses with Rank-Transformed Data for Cumulative Brine Flow
over 10,000 yr away from Repository in Marker Beds (BRM38NOC, BRA438SOC,
BRA.ABNOC, BRAABSOC, BRM39NOC, BRM39SOC, BRAALOC) and Up Shaft
(BSCL8AOC) Under Undisturbed Conditions

.MB 138Smnk BRM38SOC

7

Wriabk SILK #

~ICDFLG 0.55 0.30

A%LPOR 0.35 0.42

ANHPRM 0.17 0.45

WGRCOR 0.16 0.48

S4iYR.E$ -0.16 0.51

Anh a and b N@. BRAA

T

Variable SRRc

WMICDFLG 037

M4L.POR 0.48

WGRCOR 0.18

S4LPRES -0.15

HALPRM 0.09

! ,MB 138 NmtiK BRhf3t!
*

‘(x

PSlep’ I Variableb Sfute

I I
1 IU%fICDFLG

I
0>5

2 HALPOR 0s3

032

0.43

0.31 IWMICDFLG 057 0.31

035 HAIYOR 0.44 0.51

3 I SALPRES I -0.1s 0.47 0.58 I WGRCOR I 0.17 I 0.54

4 .4NHPRM 0.17

5 WGRCOR 0.14

0.49

051 I-0.15 0.56

0.61 0.12 0.57

! I ] HALPRM I 0.09 I 0.580.52

MB 139 Sorth: BJLM39NOC I MB 139soutk BRM3950C I MBSTOKIE BRAAI.OC UP Shaft ~scL8AOc I

Variabkb

WAflCDFLG

HALPOR

$VGRCOR

X-fLf’RES

HALPRM

SW@

0-59

0<5

0.!9

+ :5

fux

Variabic

WAflCDFLG

SHRGSXAT

HALPRhf

HALPOR

WGRCOR

SHPRMHAL

WASTWICK

SHBC3P

A.VHBCI’GP

SRRC

0.48

0.33

4.?5

o.~q

o.~fj

0.18

0.09

0.10

0.09

1d0.25

0.36

5P

t

SRRC #

0.61 0.37

0.40 0.53

0.18 0.56

-0.15 0.59I
Variable

UX41CDFLG

HALPOR

WGRCOR

XALPRES

Variabk SRRC

0.61

0.44

0.19

-0.15

0.09

0.34

0.55

0.58

0.61

WMJCDFLG

HALPOR

0.36

0.56

0.59

0.61

0.62

WGRCOR

1
0.42

0.4s

0.52

0.55

0.56

0.57

0.58

5.4U’RES

0.61 HAL??RAI

‘Steps in stepw se regess!on zna}:sis.

b Variables Iisled in ordm of seks)on m rCgreSSIO” anal,~ts wtth .4.IHCO.ifP anti H.4LC(X{Pexcluded from en~ mm re-gessicm modei.

c Stan&rdizcd mni rcLRssIon cm~lcients in final rcgrcsslon model.

d Cumulauvc /?- Yalur WIIhcnq. ofcach izwiablc inm regr~sion rnodeI
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I ame Iu. Stepwlse Regression Analyses with Rank- I ranstormea Uata Tor Uumulatwe t5rme blow

eve; 10,000 ‘y Away From Repository in Individual Marker Beds at Land Withdrawal
Boundary Away from Repository (5RM38NL W, BRM38SL W, BRAABNL W, BRAABSL W,
BRM39NL W, BRM39SL W, BRAALL WC) and in Shaft at Boundary with Rustler Formation
(BRAE+WC) Under Undisturbed Conditions

MB 138 Nods: BRM38NL W I MB 138 Soutk BRM38SLW Anh a and b Nortlx ML4ABNLW ] Anh a andb Soudx BRAABSL W

SRRC

0.30

0.23

0.16

-0.16

-0.14

0.13

i+

0.09

0.14

0.17

0.19

021

&~

Vasiabk

ANHPRM

WMK!XZG

WR.M

WRGSSAT

ANJYBCVGP

SRRC

0.70

0.19

0.18

-0.11

-0.09

SRRc

031

0.22

0.16

-0.16

-0.14

Vasiableb SRr&

0.88

0.12

0.08

Slep’ Variable

WMICDFLG

ANHPRM

HALPOR

ANHBCVGP

SALPILES

WASTR7CK

Variable

WM7CDFLG

ANHPRM

HALPOR

ANHBO’GP

S4LPRES

1

2

3

4

5

6

ANHPRhl

WMCDFLG
0.78

0.79

0.80

0.50

&54

0.10

0.15

0.17

o~(j

022

0.57

0.58

059

1“

MB 139%nk BRU39NLW MB 139Smnk BRM39SLW M& Total BR4.4LLWC Shaft 10 C- BRMSHUC

%0-iabie SRRC F

I

SHPRVCLY o-~ 05 I
H~.WRM 0.49 0.75
SHPRMHAL 0.19 0.79

JEA41CDFLG 0.07 0.79

X4LPRES 0.07 0.80

%jabk

H.4LPR44

.4A’HPRM

HXfICDFLG

A.k7fBCVGP

IK4STWKX

=F

L
0.37 0.13

034 03

&~~ 0.30

-0.14 0.32

0.12 0.33

—

d
—

0.10

0.16

0.19

OQIJ

Variable

ANHPRAf

HALPRM

IKMICDFLG

ANHBCVGP

WASTUTCh’

WRGSSAT

SRRC

o.~

&~4

0.19

-0.09

0.08

-0.08

Slep SRRC

JKMICDFLG

ANHPRM

w.4STWICK

HALPOR

0-30

0.Z6

0.16

0.13

0.53

0.59

0.63

0.63

0.64

0.65

a Sleps in stepwise regression andyis.

b \;~b]= ~N~ jn & of=lmj~ jn ~-jon ~}pjs u.jfi ANHCOMP andHALCOMP excluded fmm eno?’ inm -ion modeL &’

c Standardii rank rcgtssion cwfTcients in final regtessims model.

d cmu~ F ,=IW ~i:h ~W of~ds tasiabk inm rw=sicm model.
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Table 11. Ste~wise Regression Analyses with Rank-Transformed Data for Cumulative Gas Flows
over 10,000- yr Away From Reposito~ in Individual Marker Beds (GSM38NOC,
GSM38SOC, GSAABNOC, GSAABSOC, GSM39NOC, GSM39SOC, GSAA.LOM) and in
Shaft at Boundary with Rustler Formation (GSMSHUPC) Under Undisturbed Conditions

MB 138 ~Oltk GS/W38NDC MB 138South: GSM38SOC Anh a andb North GSAABNOC Anh a andb South: GSAABSOC

Variableb

WMICDFLG

HALPOR

ANHBCVGP

WGRCOR

.SALPRES

HALPRM

SHRGSSAT

SIW5

0.59

0.26

-0.28

0.19

-0.16

0.16

0.10

#

0.35

0.43

0.50

0.54

0.56

0.58

0.59

Variable

WMICDFLG

HALPorf

ANHBCVGP

WGRCOR

ANHPRM

S4LPRES

HALPRM

SHRGSSAT

VariabIe

WMICDFLG

HALPOR

ANHBCVGP

WGRCOR

ANHPRM

SALPRES

SRRC

0.60

0.33

-0.22

0.19

0.17

-0.10

1+
—

0.37

0.49

0.53

0.57

0.60

0.61

Variable

WMICDFLG

HALPOR

ANHBCVGP

WGRCOR

SALPRES

ANHPRM

SRRC

0.59

0.32

4.20

0.16

-0.16

0.13

/+

0.36

0.46

0.50

0.52

0.55

0.57

—

1?Step’ SRRC

I

2

3

4

5

6

7

8

0.59

0.29

-0.24

0.15

0.15

-0.15

0.13

O.w

0.35

0.44

0.50

0.52

0.54

0.56

0.58

0.58

JR Shati at Rustler GSMSHUPC IMB 139 NortkK GSM39JVOC MB 139 .%& G.W439SOC MBs Total GSAALOM

step

1
~

3

4

5

6

Variable

WMICDFLG

A’VHBCVGP

ANHPRM

X4LPRES

WGRCOR

SRRC

0.66

-0.18

0.15

-0.13

0.11

@

0.44

0.47

0.50

0.51

0.53

Variable

WMICDFLG

SALPRES

WGRCOR

SRRC

0.49

-0.17

0.13

$

0.24

0.27

028

Variable

JKMICDFLG

HALPOR

ANHBCVGP

WGRCOR

ANHPRM

S4LPRES

SRRC

0.61

0.34

-0.22

0.20

0.15

-0.11

P
—

0.38

0.50

0.54

0.58

0.61

0.62

Variabie

SHPRMCON

SHRGSSA T

SHPRMCLY 1
#

0.20

0.37

0.49

SRRC

-0.43

-0.41

0.35

a Steps in stepwise regression analysis.

b V~ab]es ]isIed jn order ofse~[jon in -ion analysis with ANHCOMP andHALCOMP excluded fim enOY into mpsion model

c Standardii rankregressioncoefficients in final regression model.

dCumu]ajve # Ak ~jthmq Ofeach variable into regression model.
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lable 12. Stepwise Regression Analyses with Rank-Transformed Data for Pore Volume Increase Due

to Fracturing in Individual Marker (PVOL/38N, PVOL/38S, PVOL/ABN, PVOL/ABS,
PVOL/39N, PVOL/39S, PVOL/_7) Beds at 10,000 yr Under Undisturbed Conditions

MB 138 South PVOL138S Anh a and b North: PVO.LIABN I Anh a andb South PVOLIABSMB 138 Nortk PVOL138N

Srepa Variableb Srtlw #

1 WMICDFLG 0.42 0.16

2 HALPOR 0.29 0.25

3 S4LPRES -0.20 0.29

4 WGRCOR 0.13 0.31

SRRc

0.42

0.29

-0.20

0.13

Variable Srmc P

WMICDFLG 0.49 0.24

HALPOR 0.28 0.32

SALPREs -0.24 0.38

WGRCOR 0.12 0.39

SHRGSSAT 0.11 0.41

HALPRM -0.11 0.42

SRRC

0.44
0.30

-0.18

0.12

0.12

d

0.19

0.28

0.31

0.33

0.34

Variable Variable

WMIWFLG

HALPOR

0.17

0.26

0.30

0.32

WMICDFLG

HALPOR

SALPRES SALPRES

WGRCOR WGRCOR

SHRGSSAT5

6 I I I
I MB 139 North: PVOL139N MB 139 .%Uth PV0Lf39S MBs TotaLPVOH_T I

SRRC

0.52

0.34

+.2 ]

o.i4

IF

I
Variable SRRC

WIUICDFLG 0.54

HALPOR 0.37

SALPRES -0.20

WGRCOR 0.16

R2 $slep Variable SRRC Variable

1 WMICDFLG 0.53

0.37

-0.21

0.15

().Z7

0.41

0.45

0.47

WMICDFLG

HALPOR

SALPRES

0.26

0.38

0.28

0.42

0.46

0.49

2

3

HALPOR

SALPRES 0.42

4 WGRCOR WGRCOR 0.44

‘ Steps in stepwise regression anal-ysis.

b Vtiab]~ ]lsl~ in order of se]gction in regression anal~is with ANHCOMP andHALCOMP excluded fmm mq in:o ~WSSiOn m~el.

c Standardizedrankregession coet%cients in final regression model.

d cwulatjve N lmlue with entry of each variableintomgresskmrn~d.

u

Table 13. Number of Obsewations Producing Fracture Zones of Different Lengths in Individual
Marker Beds (FRACX38N, FRACX38S, FFMCXABN, FRACXXBS, FRACX39N,
FRACX39S) at 10,000 yr under Undisturbed Conditions

,

Marker Bed 5m 30 m

Fracture Distance I

400rn I 1030m I 1900m I100 m

MB 138 (N): FRACX38N
MB 138 (S): FRACX38S
AnlI A,B (N): FRACXABN

Ad-t A,B (S): FRAC,K4BS

MB 139 (N): FR4CX39N

.MB 139 (.S): FRACX39S

a Number of observations out of300

(YS
o
1

1
10

8

9
6
6
6
15
15

10
14
11
12
19
25

5 2 5
6 5 0

14 7 5

12 2 0

16 3 0

5 1 0
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