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Abstract

The following topics related to the treatment of direct brine releases to the surface environment in the 1996
performance assessment for the Waste Isolation'Pilot Plant (WIPP) are presented: (i) mathemarical description of
models, (i) uncertainty and sensitivity analysis results arising from subjective (i.e., epistemic) uncertainty for
individual releases, (iii) construction of complementary cumulative distribution functions (CCDFs) agsing from
‘stochastic (i.e., aleatory) uncertainty, and (iv) uncertainty and sensitivity analysis results for CCDFs. The presented
analyses indicate that direct brine releases do not constitute a serious threat to the effectiveness of the WIPP as a
disposal facility for transuramc waste. Even when the effects of uncertain analysis inputs are taken into account, the
CCDFs for direct brine releases fall substantially to the left of the boundary line specified in the U.S. Environmental
Protection Agency’s standard for the geologic disposal of radioactive waste (40 CFR 191, 40 CFR 194).
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1. Introduction

The Waste Isolation Pilot Plant (WIPP) is under development by the U.S. Department of Energy (DOE) for the
geologic disposal of transuranic waste. This article describes the modeling of direct brine releases (DBRs) to the
surface (i.e., the accessible environment) at the time of an inadvertent drilling intrusion into the waste panels
associated with the WIPP and the construction of associated complementary cumulative distribution functions
(CCDFs) for comparison with U.S. Environmental Protection Agency’s (EPA’s) standard for the geologic disposal
of radioactive waste.!* The presented DBR model and associated results constitute part of the 1996 performance
assessment (PA) for the WIPP and support a compliance certification application (CCA) by the DOE to the EPA for

the certification of the WIPP for the disposal of transuranic waste.>

In the 1996 WIPP PA, DBR refers to releases of radionuclides to the surface due to the rapid flow of
radionuclide-contaminated brine into the borechole and then to the surface at the time that a drilling intrusion
penetrates the repository. The release itself is then given by the product of the amount of brine that reaches the
surface and the radionuclide concentration in that brine. Such releases have the potential to occur when the pressure
in the repository at the time of a drilling intrusion exceeds 8 MPa, which is the pressure exerted by a column of
brine-saturated drilling fluid at the depth of the repository.0 For repository pressures less than 8 MPa, no DBRs are
assumed to occur. However, even if the repository pressure exceeds 8 MPa at the time of a drilling intrusion, a DBR
is not assured as there may not be sufficient mobile brine in the repository to result in brine movement to the

intruding borehole.

At a conceptual level, the 1996 PA for the WIPP is underlain by three entities (EN1, EN2, EN3): ENI, a
probabilistic characterization of the likelihood of different futures occurring at the WIPP site over the next 10,000 yr
(Sect. 3, Ref. 7); EN2, a procedure for estimating the radionuclide releases to the accessible environment associated
with each of the possible futures that could occur at the WIPP site over the next 10,000 yr (Sect. 4, Ref. 7); and EN3,
a probabilistic characterization of the uncertainty in the parameters used in the definitions of EN1 and EN2 (Sect. 5,
Ref. 7). All three of these entities play a role in the DBR results presented in this article. In particular, the following
topics are considered: (i) models used to estimate DBRs, which constitute part of EN2 (Sect. 4, Ref. 7); (it)
construction of CCDFs for DBRs, which involves the probability space for stochastic uncertainty associated with
EN1 (Sect. 3, Ref. 7; Ref. 8); and (iii) uncertainty and sensitivity analysis to assess the implications of uncertain
analysis inputs, which involves the probability space for subjective uncertainty associated with EN3 (Sect. 5, Ref. 7;

Ref. 9).

When viewed formally, EN2 is defined by a function f of the form




f(xst) = fC(xst) + JfS’P[xst’ fB(xst)] + fDBR{xst’ fSP[xstrfB(xst )]7fB(xst)}
+ fMB[xsh fB(xst)] + fDL [xst: fB(xst)] + fS[xst’ fB(xst)]

+ fs-1 {xst,O’ fS—F(st,o ) fN—P[xst’ fa(xs )]} ¢y

where X, ~ particular future under consideration, X o ~ future involving no drilling intrusions but a mining event at
the same time #,,;, as In X, fc(xst) ~ cuttings and cavings release to accessible environment for X, calculated with
CUTTINGS_S, fp(X, ) ~ two-phase flow results calculated for X, with BRAGFLO (in practice, f5(Xs;) is a vector
containing a large amount of information), fSP[xst, fB(xS,)] ~ spallings release to accessible environment for X,
calculated with the spallings model contained in CUTTINGS_S; this calculation requires BRAGFLO results (i.e.,
fa(Xy)) as input, fDBR{xS,, fSP[x s> e X )], fB(x st )} ~ direct brine release to accessible environment for X,
calculated with a modified version of BRAGFLO designated BRAGFLO DBR; this calculation requires spallings
results obtained from CUTTINGS S (ie., fgp[X,» fp (X)]) and BRAGFLO results (ie., fp(Xs)) as input,
fMB[x st fB(xs, )] ~ release through anhydrite marker beds to accessible environment for X, calculated with NUTS;
this calculation requires BRAGFLO results (1.e., f3(X;;)) as input, f; DL[xst7 1 B(xst)] ~ release through Dewey Lake
Red Beds to accessible environment for X, calculated with NUTS; this calculation requires BRAGFLO results (i.e.,
fa(Xsy)) as input, fs[xs,, fB(x s,)] ~ release to land surface due to brine flow up a plugged borehole for X, calculated
with NUTS or PANEL; this calculation requires BRAGFLO results (i.e., fp(X)) as input, fo_ F(xst,o) ~ Culebra
flow field calculated for Xy ¢ with SECOFL2D, fy_ P[xst, fB(xst)] ~ release to Culebra for X, calculated with
NUTS or PANEL as appropriate; this calculation requires BRAGFLO results (i.e., fp(Xs)) as input,
fS_T{x .00 Js— F(xst,o), Jn- P[x st fB(xS, )]} ~ groundwater transport release through Culebra to accessible
environment calculated with SECOTP2D; this calculation requires SECOFL2D results (i.e., fg_r{Xy, o)) and NUTS
or PANEL results (i.e., fyp[Xss, /5(Xs:)]) as input; X, o is used as an argument to fg_7 because drilling intrusions are

assumed to cause no perturbations to the flow field in the Culebra (Sect. 4, Ref. 7).

The function fppp in Eq. (1) corresponds to the model used for DBR in the 1996 WIPP PA, with the
computational evaluation of this model being carried out by the BRAGFLO DBR program (Fig. 2, Table 2, Ref. 7).
As indicated in the representation for fhpp in Eq. (1), calculation of the DBR involves two phase-flow results
calculated by BRAGFLO!? and spallings results calculated by CUTTINGS_S.!! The mathematical formulations of

the other functions appearing in Eq. (1) (ie., fp, foo fsp, fup» fpL> fs: fs—1 Sfs—p, Jy-p) are described in other
articles.10-13

The DBRs take place over a relatively short period of time (i.e., 3 to 11 days) following the drlling intrusion

under consideration. The initial value conditions for use in the determination of DBRs are obtained by mapping



solutions of Eqs. (2) - (7) of Ref. 10 obtained with the computational grid in Fig. 1 of Ref. 10 onto the grid in Fig. 1
(Sect. 2).

In concept, the brine release for a drilling intrusion has the form

BR = f rBR(t)dt,

2
where BR = brine release (m?) for drilling intrusion, 7BR(z) = rate (m°) at time ¢ at which brine flows up intruding
borehole, ¢ = elapsed time (s) since drilling intrusion, and #, = time (s) at which direct brine release ends. The
definition of rBR(¢) is discussed in Sects. 3 - 6 and is based on the two-phase flow relationships in Egs. (2) - (7) of
Ref. 10 and use of the Poettmann-Carpenter correlation!® to determine a boundary pressure at the connection
between the intruding borehole and the repository. The time 7, is based on current drilling practices in the Delaware
Basin (Sect. 7). The numerical solution of the equations that give rise to the brine component of the DBR is
described in Sect. 8. The DBR itself is then obtained by multiplying BR by an appropriate dissolved radionuclide

concentration (Sects. 9, 10).

At a conceptual level, evaluation of the CCDFs for DBRs involves evaluation of the following integral (Sect. 4,

Ref. 7):

probpgg(Rel > R) = _L 5R[fDBR{xst’fSP[xsz:fB(xst)]:fB(xst)}]dst(xsz)dV;n (3)

st

where 3 p[fppr X fsp(Xsr, f3(Xst)) fB(X s )H1=1 i fppriXy, foplXsr, fB(Xs)) fp(Xst)} > R and O if
Soar &> fsp Xer f5 (X)) f5(Xss)} < R, dy, is the density function associated with the probability space (S, 4

sp Psp) Tor stochastic uncertainty, and probpgp(Rel > R) is the probability that a DBR greater than size R will occur.
Typically, R is expressed in the normalized units defined by the EPA (Eq. (1), Ref. 7), although other possibilities
exist (e.g., m® when fppp is used to represent volume of brine released). In practice, the two preceding integrals are
too complex to allow closed-form evaluations. As a result, the 1996 WIPP PA uses the Monte Carlo procedure

indicated below to estimate this integral (Sect. 4, Ref. 7; Sects. 10, 11, Ref. 8):

nS

probpgr(Rel > R) = ZSR[fDBR {xsz,i’fSP[xst,th(xst,i)la fB(xst,i)}]/ ns, 4

i=1

where the X, ;, i = 1, 2, ..., nS = 10,000, correspond to a random sample of size 7S = 10,000 from the sample space
S, associated with the probability space (S, 4 sp» Dsp) Tor stochastic uncertainty. The evaluation of the preceding
approximation to produce a CCDF for DBRs is discussed in Sect. 11. The construction of CCDFs for the other

release modes is discussed in other articles.!1-13-15




‘When the effects of imprecisely known analysis inputs are included, a dependence on the vector X, is added to
the representation for the DBR, where X, is an element of the sample space Sy, associated with the probability space
(S,,, 4

DBRs for both specific futures X, and also for the CCDFs that result from integrating over all possible values for X;.

Ds,) for subjective uncertainty (Sect. 5, Ref. 7; Ref. 9). Possible values for X, lead to distributions of

Su> su>

In the 1996 WIPP PA, these distributions are approximated by using Latin hypercube sampling!® to generate a
mapping from S, to analysis outcomes of interest (Sect. 5, Ref. 2; Sect. 8, Ref. 9). The generation and presentation
of this mapping is usually referred to as uncertainty analysis. Once generated, this mapping can be explored with
sensitivity analysis techniques based on examination of scatterplots, regression analysis, and correlation analysis
(Sect. 3.5, Ref. 17). Uncertainty and sensitivity analysis results for DBRs are presented in Sects. 9 - 11. Due to the
large number of zero releases, the examination of scatterplots was a more effective sensitivity analysis procedure
than regression analysis and partial correlation analysis. Uncertainty and sensitivity analysis results for the other

release modes are available in additional articles.}1-13, 15, 18,19

This article is based on material contained in Sect. 4.7 and Chapt. 10 of Ref. 20.

2. Linkage to Solution of Egs. (2) - (7) of Ref. 10 for Two-Phase Flow

The mesh m Fig. 1 was linked to the mesh in Fig. 1 of Ref. 10 by dividing the waste disposal area in Fig. 1 into
four regions (Fig. 2). Region 1 represents the farthest updip repository grid blocks in Fig. 1 of Ref. 10 that contained
waste. Region 4 represents the farthest downdip repository grid blocks in Fig. 1 of Ref. 10 that contained waste and
thus corresponds to the downdip waste panel. Similar subdivisions are made for regions 2 and 3. The linkage
between the solutions to Egs. (2) - {(7) of Ref. 10 and the direct brine release calculations was made by assigning

properties calculated by BRAGFLO for each region in Fig. 1 of Ref. 10 to the corresponding waste region in Fig. 1.

The height of the grid in Fig. 1 was assigned a value that corresponded to the crushed height % (m) of the waste
as predicted by the solution of Egs. (2) - (7) of Ref. 10. Specifically,

b= h; (1= ¢)/(1-¢), ®)

where #; and ¢, are the initial height (m) and porosity of the waste and ¢ is the volume-averaged porosity of the waste
at the particular time under consideration as predicted by calculations with the SANTOS program (Sect. 4, Ref. 10).
The areas designated panel seals, DRZ and impure halite in Fig. 1 were assigned the same pressures and saturations
as the corresponding waste areas and were assigned porosities that resulted in a conservation of the initial pore
volumes used for these areas in the solution of Egs. (2) - (7)- of Ref. 10 on the grid in Fig. 1 of Ref. 10 (Table 1).
Specifically, the pore volumes associated with the panel seals, DRZ and impure halite do not change with time, with

this constancy implemented by the definitions of ¢(x, ¥, 0) in the lower half of Table 1.




3. Conceptual Representation for Flow Rate »BR(?)

The driving force that gives rise to the brine release BR is the difference between waste panel pressure, p,, (Pa),
and the flowing bottomhole pressure in the borehole, p,,r(Pa), at the time of the intrusion. The flowing bottomhole
pressure p,,; defined as the dynamic pressure at the inlet of the intruding borehole to the waste panel, is less than the
static pressure p,, due to elevation, friction and acceleration effects. The rate at which brine and gas are transported
up the intruding borehole is determined by the difference p,, ~ p,,rand a productivity index J, for the intruded waste
panel (p. 79, Ref. 21}):

9p(1) = I[P ® =Py ] ©)

where g,(7) = flow rate (m3/s) at time ¢ for phase p (p = b ~ brine, p = g ~ gas), Jp = productivity index (m3/Pa-s)
for phase p, and p,, and p,  are defined above. As indicated by the inclusion/exclusion of a dependence on ¢, the
terms J, and p,,r are constant during the determination of ¢,(#) for a particular drilling intrusion in the present

analysis, and p,,(7) changes as a function of time.

The determination of J,, is now discussed. Then, the numerical determination of p,,, and BR is discussed in Sect.

4, and the determination of p,,is discussed in Sects. 5 - 6. In concept, the brine release BR is given by

BR= J;e rBR(t)dt = J;e To|Pu) = pus ) dt %)

once Jp, p,, and p,,rare determined. The associated gas release is given by the corresponding integral with J, rather
than J,. In the computational implementation of the analysis, BR is determined as part of the numerical solution of

the system of partial differential equations that defines p,, (Sect. 4).

In a radial drainage area with uniform saturation, which is assumed to be valid throughout the direct brine

release, the following representation for J, can be determined from Darcy’s law (p. 79, Ref. 21; Ref. 22):

Kk, h
Jp= , ®
pp[ln(re /rw)+s+c]

where k = absolute permeability (assumed to be constant through time at 1.7 x 10713 m?), k., = relative permeability
to phase p (calculated with modified Brooks-Corey model in Egs. (11) - (12) of Ref. 10, and brine and gas
saturations, S, and S, obtained by mapping solutions of Egs. (2) - (7) of Ref. 10, obtained with grid in Fig. 1 of Ref.
10, onto grid in Fig. 1), h = crushed panel height (Eq. (5)), 1, = viscosity of fluid phase (assumed to be constant
through time with 1, = 1.8 x 1073 Pa's, and p, = 8.92 x 1070 Pa's (Ref. 23)), 7, = external drainage radius (for use
with the rectangular gridblocks in Fig. 4.7.1, 7, is taken to be the equivalent areal radius; see Eq: (9)), r,, = wellbore
radius (assumed to be constant through time at 0.1556 m (Table 14.7, Ref. 24)), ¢ = —0.50 for pseudo steady-state




flow, and s = skin factor, which is used to incorporate flow stimulation caused by spallings release (see Eq. (10)). In

the present analysis,

r, =JAO(327)/n = 102m 9)

results from the gridblock dimensions of 10 m x 32.7 m for the gridblock in Fig. 1 that contains the downdip

borehole.

The skin factor s is derived from the spallings release through the following petroleum engineering well testing

relationship (pp. 5-7, Ref. 25):

)

where kg = permeability (m?) of an open channel as a result of spallings releases (assumed to be infinite), and
s = effective radius (m) of the wellbore with spallings volume removed. The effective radins 7, is obtained by

converting the spallings volume release V; in Eq. (39) of Ref. 11 into an equivalent areal release A; through the

relationship

A= Vi, (11
Then,

re= JA; Im, (12)

and substitution of r; into Eq. (10) with k, = « yields

s=-In[J4;/n/r,], (13)

which is used as the skin factor in the calculation of direct brine releases.

4. Determination of Waste Panel Pressure p,(7) and Brine Release BR

The repository pressure p, () in Eq. (7) after a drilling intrusion is determined with the same system of nonlinear
partial differential equations discussed in Ref. 10. Indeed, what is referred to as the BRAGFLO_ DBR program is
actually the BRAGFLO program used with the computational grid in Fig. 1 and assumptions (i.e., parameter values,
initial value conditions, and boundary value conditions) that are appropriate for representing brine flow to an

intruding borehole over a relatively short time period immediately after the intrusion (i.e., 3-11 days). Due to the




short time periods under consideration, the model for direct brine release does not include gas generation due to
either corrosion or microbial action and also does not include changes in repository height due to creep closure.
Further, to stabilize the calculation and thus allow longer time steps in the numerical solution, the capillary pressure
was assigned a value of 0 Pa in all modeled regions (Fig. 1); in the analysis of the full system in Ref. 10, capillary
pressure had a value of 0 Pa in the waste regions and the DRZ but a nonzero value in the panel seals (Table 3, Ref.
10). Use of a capillary pressure of 0 Pa results in the brine pressure p, (x, v, #) and the gas pressure p, (x, y, 7) being

equal, with the pressure p,(7) in Eq. (7) given by

P =pp (%3, D). (14

Although the determination of BR can be conceptually represented by the integral in Eq. (2), in the numerical
implementation of the analysis BR is determined within the numerical solution of the system of partial differential

equations that defines py, (x, y, 7).

With the specific assumptions for direct brine release, Egs. (2) - (7) of Ref. 10 become

Cap Kk 1 o(ep,S
Gas Conservation Ve M(Vpg + pgth) = cx—(—g—'i) (15)
L He | ot
i 1 o(¢psS,
Brine Conservation Ve E-pbﬂ(ﬁb—(Vpb + pbth) = a—ﬁ)ap—bﬁ (16)
Hp J t
Saturation Constraint Sg+Sp=1 an
Capillary Pressure Constraint 0= p, — p, (18)
Gas Density pg determined by Redlich-Kwong-Soave equation of state (Eq. (31), Ref. 10)
Brine Density Py = Po exp[By(Py — Poo)] (19)
Formation Porosity ¢ =dg exp[B f( Dy — Pbo)] 20)

with all symbols having the same definitions as in Eqgs. (2) - (7) of Ref. 10.

The same parameter values described in Ref. 10 for the waste regions, panel seals and DRZ are used with Egs.
(15) - (20) to model direct brine releases with the following exceptions: o is a function of the computational grid
and is determined by the outcome of the calculations described in Ref. 10 (i.e., o = A as defined in Eq. (5)), the pore
distribution parameter A used in the definition of ,, and £, (see Egs. (11) - (12), Ref. 10) is assigned a value of 0.7

for the waste regions, panel seals and DRZ (values of A = 0.7, 0.94 and 2.89 were used for the waste regions, panel




seals and DRZ in the calculations described in Ref. 10), and the initial porosity ¢, and initial pressure p,, were set
on the basis of the calculations described in Ref. 10 (Sect. 2). In particular, the intrinsic permeability £ used in the
definitions of Ky and K}, (Eq. (29), Ref. 10 is given by &= 1.7 x 10713 m?, 1.0 x 10715 m? and 1.0 x 10715 m? in the
waste regions, panel seals and DRZ, respectively, and the relative permeabilities &, and %,;, are defined in Egs. (11)
- (12) of Ref. 10. The uncertain parameters residual brine saturation in waste (WRBRNSAT ~S;,) and residual gas
saturation in waste (WRGSSAT ~Sg,) (see Table 1, Ref. 9) directly enter the direct brine release calculations through
the definitions of p¢, k., and £, in Egs. (10) - (15) of Ref. 10.

The primary differences between the BRAGFLO calculations described in Ref. 10 and the BRAGFLO_DBR
calculations described in this section are in the computational meshes used (i.e., the mesh in Fig. 1 for the solution of
Egs. (15) - (20) and the mesh in Fig. 1 of Ref. 10 for the solution of Egs. (2) - (7) of Ref. 10, the initial values used
(Table 1), and the boundary values used (Table 2). In particular, the appropriate assignment of boundary value
conditions is used to incorporate brine and gas flow associated with intruding boreholes into the model. Specifically,
brine flow up an intruding borehole is incorporated into Egs. (15) - (20) by using the Poettmann-Carpenter wellbore
model to determine the pressure at the outflow point in a waste panel (Fig. 1), with this pressure entering the
calculation as a boundary value condition (Table 2). The details of this determination are discussed in Sect. 5.
Further, should a calculation involve a prior El intrusion, the effects of this intrusion are also incorporated into the

analysis as a pressure specified as a boundary value condition (Table 2) as discussed in Sect. 6.

For perspective, the following provides a quick comparison of the assumptions that underlie the solution of Egs.
(2) - (7) of Ref. 10 on the mesh in Fig. 1 of the same article (i.e., the BRAGFLO mesh) and the solution of Egs. (15)
- (20) on the mesh in Fig. 1 (i.e., the BRAGFLO DBR mesh): (i) The BRAGFLO DBR mesh is defined in the areal
plane with the z-dimension (height) one element thick; the BRAGFLO mesh is defined as a cross-section, with
multiple layers in height and the thickness (y-dimension) one element thick. (ii) The BRAGFLO_ DBR model
represents flow only in the waste area. The BRAGFLO model includes the surrounding geology as well as the entire
WIPP excavation (including operations, experimental, and shaft regions). (iii) Local scale heterogeneities are
included in the BRAGFLO_DBR model, including the salt pillars, rooms, panel seals, and passageways which
contain waste. These are not fully represented in the BRAGFLO mesh. (iv) The BRAGFLO DBR mesh uses
constant thickness, while BRAGFLO rectangularly flares the element thickness to account for 3-dimensional
volumes in a 2-dimensional grid (Fig. 2, Ref. 10). (v) The DRZ is included in both models, but exists above and
below the excavated regions in the BRAGFLO model, whereas the DRZ surrounds the waste rooms on the sides for
the BRAGFLO_ DBR model. (vi) Both models include a one degree formation dip through the excavated regions
(Eq. 9), Ref. 10.




5. Boundary Value Pressure p,,

The boundary value pressure p,,rat the inlet of the intruding borehole is defined by a system of equations of the

following form:

dp/dh = F {qp[p(0)); g4[p(0)], p(W), B}, 0 < h <655 m 20
p(655)=1.013 x 105 Pa (22)
aplp(0)] = Jpipy, — P(0)] 23)
9glP(0)] = Jglpy, — P(O)], (24)

where p(%) is pressure (Pa) at elevation 4 (m) in the borehole with 2 = 0 m corresponding to the entry point of the
borehole into the waste panel and 2 = 655 m corresponding to the land surface (Fig. 3), F is a function (Pa/m)
characterizing the change of pressure with elevation in the borehole, p(655) is an initial value condition requiring
that pressure at the land surface (i.e., the outlet point of the borehole) be equal to atmospheric pressure, ¢,[p(0)] and
qIp(0)] define brine and gas flow rates (m3/s) into the borehole (see Eq. (6)), J; and Jg are productivity indexes

(m3/Pa s) (see Eq. (8)), and p,, is the pressure (Pa) in the repository at the time of the drilling intrusion.

The boundary value pressure p, is defined by

Pur=p(0). 25)

Thus, p,,ris determined by the numerical solution of Eq. (21) for p(0) subject to the constraints in Egs. (22) - (24).

The pressure p,, corresponds to the pressure p,(0) in Eq. (14) and is obtained from the solution of Egs. (2) - (7)
of Ref. 10 with the computational grid in Fig. 1 of the same article (see Sect. 2). The production indexes J;, and J,

are defined in Eq. (8). Thus, the only quantity remaining to be specified in Egs. (21) - (24) is the function F.

Brine and gas flow up a borehole is governed by complex physics dependent on frictional effects and two-phase
fluid properties. This phenomena has been widely studied in the petrolenm industry and many modeling procedures
(i.e., empirical correlations) have been developed to predict flow rates and pressures in vertical two-phase pipe flow
(i.e., to define F in Eq. (21)).26 For this analysis, the Poettmann-Carpenter model'# 27 was used to define F because
it accounts for multi-phase frictional effects based on empirical (i.e., field) data from flowing wells, is one of the few
modeling approaches that included annular flow data in its development, and is relatively easy to implement.

Specifically, the Poettmann-Carpenter model defines F by

FigsLp(O)), 4oL p(0)], p(h), 1} = gm(h) + 1" om(h), D(h), g [ p(0) }gm(h)F* ()] D*(), (26)



where g = acceleration due to gravity (9.8 m/s?), m(k) = density (kg/m®) of fluids (i.e., gas and brine) in wellbore at
elevation & (Note: m(h) is a function of g,[p(0)] and qg[p(O)]; see Eq. (27) below), f'{m(h), D(h)qp{p(0)]}=
empirically defined scale factor (m/s2) (Note: f" is the scale factor in the Poettmann-Carpenter mode] for fluid flow
in a wellbore!4; see discussion below), F(4) = flow rate (m>/s) of fluids (i.e., gas and brine) in wellbore at elevation
h (Note: F(h) is a function of g; [p(0)] and g, [p(0)]; see Eq. (28) below), and D(%) = effective diameter (m) of
wellbore (see Eq. (31) below). The first term, gm(h), in Eq. (26) results from the contribution of elevation to
pressure; the second term results from frictional effects.!* The original development of Eq. (26)14 and also the
numerical implementation in the 1996 WIPP PA® used oilfield units. However, for consistency with the other model

descriptions in this presentation, the terms in this equation are given in SI units.

The fluid density m(h) at elevation & is given by

m(h) = {gp[ p(0)Pp[P(0)] + g5 [ P(0)lpo [ P(O)1} / F(A), @7

. where

F(h) = qplp(0)]+[z(A)p(h) / p(0)]gg[p(0)]; , (28)

pplp(0) = density (kg/m3) of brine at pressure p(0) and temperature 300.1°K, which is fixed at 1230 kg/m?, Plp(0)]
= density (kg/m?) of H, at pressure p(0) and temperature 300.1°K (see Eq. (29) below), and z(%) = z-factor for
compressibility of H) at elevation & (Note: z(h) is a function of p(h); see Eq. (30) below), and g;{p(0)] and g,[p(0)]
are defined in Egs. (23) and (24). The gas density in Eq. (27) is obtained from the universal gas law, PV = nRT, by

Pe[P(0)] = Cpp yg(n/ V) = Cyy o (P / RT), 29

where n is the amount of gas (mol) in a volume ¥, G, ;, is the conversion factor from moles to kilograms for H;

(ie., 2.02 x 1073 kg/mol), P = p(0), R = 8.3145 kg m?*/mol°K s2, and T = 300.1°K. The Z-factor is given by
2(h) =1+ (8.54 x 1078 Pa~ V) p(h) (30)

and was obtained from calculations performed with the SUPERTRAPP program?® for pure H, and a temperature of
300.1°K (Fig. 4.7 4, Ref. 6). The preceding approximation to Z(#) was obtained by fitting a straight line between the
results for pressures of 0 psia and 3000 psia and a hydrogen mole fraction of 1 in Fig. 4.7.4 of Ref. 6; the actual
calculations used the more complex, but numerically similar, regression model given in Fig. 4.7.4 of Ref. 6. The

numerator and denominator in Eq. (27) involve rates, with the time units canceling to give m(%) in units of kg/m?.

The effective diameter D(/) in Eq. (26) is defined with the hydraulic radius concept. Specifically,



D*(h) = (D) + Dy (WP [Di(h) = Dy(h)Y’ €2
where D;(h) and D (k) are the inner and outer diameters (m) of the wellbore at elevation A(m) (see Fig. 3).

The factor f' in Eq. (26) is a function of m(h), D(h) and g,[p(0)]. In the original development by Poettmann
and Carpenter (Fig. 4, Ref. 14), " is defined in terms of quantities commonly used to measure production from oil
and gas wells (Note: Poettmann and Carpenter use the symbol f rather than the symbol f” used in many subsequent
treatments). The result is that f' 1S expressed in quantities that are unfamiliar outside of the oil and gas industry.
For clarity, Eq. (26) and the quantities contained in it are expressed in SI units. However, to allow use of the original
correlations developed by Poettmann and Carpenter to define f”, the calculations within the 1996 WIPP PA® were

performed in the same oilfield units originally used by Poettmann and Carpenter.

The following iterative procedure based on Euler’s method was used to approximate solutions to Egs. (21) - (24)

for p(0):

Step 1. Make initial or updated estimate of p(0) as appropriate. (Initial guess for p(0) is midpoint p,/2 of
interval [0, p,, ], where p,, is the pressure in the repository at the time of the drilling intrusion used in Egs. (23), (24).
Next guess for p(0) is at midpoint of [0, p,/2] or {p,/2, p,,] depending on whether resultant approximation to p(655)

is above or below atmospheric pressure. Subsequent guesses for p(0) are made in a similar manner.
Step 2. Use p(0), known values for Jp, J, and p,,, and Eqs. (23) - (24) to determine g,[p(0)] and g,[p(0)].

Step 3. Use Euler’s method with Ah = 25 ft = 7.62 m and appropriate changes in annular diameter (Fig. 3) to
determine p(655) [i.e., p(h + Ak} = p(h) + F {q4{p(0)], q5[p(O)], p(), R} AR].

Step 4. Stop if p(655) is within 0.07% of atmospheric pressure (i.e., if [1.013 x 10° Pa — p(655)| < 71 Pa).

Otherwise, return to Step 1 and repeat process.

The preceding procedure is continued until the specified error tolerance (i.e., 0.07%) has been met or 26
iterations have been performed. If the specified error tolerance has not been met after 26 iterations, the procedure is

repeated with the error tolerance increased to 5%.

The computational design of the 1996 WIPP PA had the potential to require 15,600 separate direct brine release
calculations (Sect. 13, Ref. 8). In concept, each of these cases requires the solution of Egs. (21) - (24) with the
iterative procedure just presented to obtain the boundary value condition p,,r= p(0) for use in conjunction with Egs.
(15) - (20) (Table 2). To help hold computational costs down, Egs. (21) - (24) were solved for p(0) for
approximately 2000 randomly-generated vectors of the form

v=1Ipy, 1. Sy S,

gr Sb7 Ai]’ (32)




where p,, is the repository pressure (used in definition of g,[p(0)], g,[p(0)] in Eqs. (23), (24)), & is the crushed height
of the repository (used in definition of J,, in Eq. (8)), Sy, and Sgr are the residual saturations for gas and brine in the
repository (used in definition of &, in Eq. (8)), S}, is the saturation of brine in the repository (used in definition of krp
in Eq. (8)), and 4; is the equivalent area of material removed by spallings (used in definition of skin factor s in
Eq. (13)). The outcomes of these calculations were divided into three cases: (1) mobile brine only (i.e., ke=0in
Egq. (12), Ref. 10), (2) brine-dominated flow (i.e., log (k,,/k,;) < 0), and (3) gas-dominated flow (i.e., log (k,,/k,3) >
0). Then, regression procedures were used to fit algebraic models that can be used to estimate p(0) (Figs. 4 - 6).

These regression models were then used to determine p(0), and hence Pypin the 1996 WIPP PA.

6. Boundary Value Pressure p,

Some of the calculations for direct brine release are for a drilling intrusion that has been preceded by an El
intrusion in etther the same waste panel or a different waste panel (Sect. 12, Ref. 8). The effects of these prior El
mtrusions are incorporated into the solution of Egs. (15) - (20), and hence into the direct brine release DBR, by the

specification of a boundary pressure p,, 5 at the location of the E1 intrusion into the repository (Table 2).

Two cases are considered for the definition of p,,z;: (1) an open borehole between the brine pocket and the
repository, and (2) a borehole between the brine pocket and the repository filled with material with properties similar
to silty sand. The first case corresponds to the situation in which the drilling itrusion under consideration has
occurred within 200 yr of a prior drilling intrusion that penetrated the pressurized brine pocket, and the second case
corresponds to the situation in which the drilling intrusion under consideration has occurred more than 200 yr after a

prior drilling intrusion that penetrated the pressurized brine pocket (Table 8, Ref. 10).

Case 1: Open Borehole. A derivation follows for the flowing well pressure at the inlet to the repository
associated with a drilling intrusion that penetrates the repository and a brine pocket under the assumption that an
open borehole exists between the brine pocket and the repository. The value for this pressure is then assigned to
i for the case under consideration (Table 2). This determination is made by developing a system of equations of

the following form:

Q=11 (Pp. Pup) (33)
O =1 Pwsmp> PussD) (34)
Q :.fé (pwab pwaO)> (35)

where ppp = pressure (Pa) in brine pocket, p,,p = flowing well pressure (Pa) at outlet from brine pocket, p,,ps =
flowing well pressure (Pa) at inlet to repository from brine pocket, Pwsso = flowing well pressure (Pa) at outlet from

repository due to intruding borehole (Note: The boreholes associated with Pwysr and pypo arise from different




drilling intrusions and hence are at different locations; see Fig. 1), O = brine flow rate (m’/s) from brine pocket to
repository, through repository, and then to surface, and fj, f; and f; are linear functions of their arguments. In the
development, ppp and p,,p are assumed to be known, with the result that Egs. (33) - (35) constitute a system of
three linear equations in three unknowns (ie., p,mp, Dymp O) that can be solved to obtain p,m;. In the
determination of p,,p; = p,,z) for use in a particular solution of Egs. (15) - (20), ppp is the pressure in the brine
pocket at the time of the intrusion obtained from the solution of Egs. (2) - (7) of Ref. 10 with BRAGFLO, and DwfBO
is the flowing well pressure obtained from conditions at the time of the intrusion (from the solution of Egs. (2) - (7),
Ref. 10) and the solutions of the Poettmann-Carpenter model embodied in Figs. 4 - 6. (i.e., given pressure, k., and
k,; at the time of the intrusion from the solution of Egs. (2) - (7) of Ref. 10 with BRAGFLO and Jj, from both the
solution of Egs. (2) - (7) of Ref. 10 with BRAGFLO and the evaluation of the spallings release with CUTTINGS S,

Pwpo 1s determined from the regression models indicated n Figs. 4 - 6).

The definition of Egs. (33) - (35) is now discussed. Eq. (33) characterizes flow out of the brine pocket into an

open borehole and has the form?2

- kpphpp ~
Q‘(u[lnwgp /rw)—0~5])(p e = Prir). (36)

where kpp = brine pocket permeability (m?), hgp = effective brine pocket height (m), r,pp = effective brine pocket
radius (m), r,, = wellbore radius (m), and p = brine viscosity (Pa s). In the present analysis, kpp is an uncertain
analysis input (see BPPRM in Table 1, Ref. 9), hpp = 12.34 m,% r,pp = 114 m,® which corresponds to the size of the
largest brine pocket that could fit under one waste panel, r,, = (8.921 in) /2 = 0.1133 m, which is the inside radius of
a 9-5/8 inch outside diameter casing (Table 14.7, Ref. 24), u=1.8 x 1073 Pa s, and ppp is determined from the
solution of Egs. (2) - (7) of Ref. 10 as previously indicated.

Eq. (34) characterizes flow up an open borehole from the brine pocket to the repository and is based on

Poiseuille’s Law (Egs. 7-21, 7-22, Ref. 29). Specifically, Eq. (34) has the form

D4
o= l:lzgu(y’;}) _yrep):I[(prBP _pwaI) +gP(J’rep _YBP)] » (37)

where D = wellbore diameter (m), y,,, = elevation of repository (m) measured from surface, ypp = elevation of brine
pocket (m) measured from surface, g = acceleration due to gravity (9.8 m/s?), p = density of brine (kg/m>), and the

remaining symbols have already been defined.

In the present analysis, D = 2r,, = 0.2266 m, p = 1230 kg/m3, and Yrep — Yp = 247 m. With the preceding

values,




128u(ygp — Vyep)/nD* = 6.87 x 103 Pa s/m? (38)
2P0rep — ¥pp) = —2.98 x 106 Pa. (39)

Thus,

Bl = Prsp —2.98x10° Pa (40)

when Q is small (< 0.1 m’/s). When appropriate, this approximation can be used to simplify the construction of

solutions to Egs. (33) - (35).

Eq. (35) characterizes flow from the brine pocket inlet point to the repository to the outlet point associated with

the drilling intrusion under consideration and has the same form as Eq. (36). Specifically,

ki‘ ephr ep
Q =( PwyBI ~ PwfBo > (41)
BIIN(r, ep / 7,y) — 0.5] ( WBLPniB )
where k,,, = repository permeability (m?), h,ep = tepository height (m), 7, ., = effective repository radius (m), and

the remaining symbols have already been defined. In the present analysis, Kpgp = 1.7 % 10713 m?; hyep at the time of
the drilling intrusion under consideration is obtained from the solution of Egs. (2) - (7) of Ref. 10 (see Eq. (5)); and

is the same as the radius r, defined in Eq. (9) (i.e., 7, o, = 10.2 m). As previously indicated, p, o is obtained

Terep rep

from the solutions to the Poettmann-Carpenter model summarized in Figs. 4 - 6.

Three equations (i.e., Egs. (36), (37) and (41)) in three unknowns (i.e., p,,mp, Pyypr and Q) have now been
developed. Solution is straight forward (e.g., use Cramer’s Rule or a simple numerical procedure). It is the solution
for p,,py that is of primary interest because p,,p; defines the initial value p, £y in Table 2. When the simplification

n Eq. (40) is used, the resultant solution for p,, s/ is

Pwsl = (Pwmo +K1pgp —2.98x10° K1)/ (1+K)), (42)
where
KI = {kBPhBP ln[(re’,,ep /rw)—0.5]}/{krephrep ln[(reBP /rw)~0.5]} (43)

and —2.98 x 10 comes from Eq. (39). The expression in Eq. (43) was used to define p,,z; in the 1996 WIPP PA in
the determination of direct brine releases for a drilling intrusion that occurred within 200 yr of a preceding El

intrusion (see Table 8, Ref. 10).




Cuse 2: Sand-Filled Borehole. The determination of the pressure p,,; in Fig. 9 with the assumption that a
borehole filled with material with properties similar to silty sand connects the brine pocket and the repository is now
considered. The approach is similar to that used for the open borehole except that Egs. (33) - (34) are replaced by a

single equation based on Darcy’s Law. Specifically, flow from the brine pocket to the repository is represented by

O =kpyApr(Pywmp — Pwr) +8P0rep — )l (MY 3P — Yrep)l, (44)

where kgz; = borehole permeability (m?), 4 = borehole cross-sectional area (m?), and the remaining symbols have
been defined previously. In the present analysis, kg7 is an uncertain input (see BHPRM in Table 1, Ref. 9) and Apy
is defined by the assumption that the borehole diameter 1s the same as the drillbit diameter (i.e., 12.25 in. = 0.311 m).

The representation for flow from the brine pocket inlet point to the repository to the outlet point associated with
the drilling intrusion under consideration remains as defined in Eq. (41). Thus, two equations (i.e., Eqs. (44) and

(41)) and two unknowns (i.€., p,,py and Q) are under consideration. Solution for p,, sy is straight forward and yields

Pumr =(Pupo + Kappp —2.98x10°K5) /(14 K;), (45)
where
2
Ky =nkpyry, [In(regp / 1, ) - 0.5]/ [hrepkrep (rap ~Vrep N (46)

and —2.98 x 106 comes from Eq. (39). The expression in Eq. (45) was used to define p,,z; in the determination of
direct brine releases for a drilling intrusion that occurred more than 200 yr after a preceding El intrusion (see

Table 8, Ref. 10).

7. End of Direct Brine Release t,

The 1996 WIPP PA involved 15,600 cases that potentially required solution of Egs. (15) - (20) to obtain the
direct brine release DBR (Sect. 12, Ref. 8). However, the direct brine release was set to zero without solution of
Egs. (15) - (20) when there was no possibility of a release (i.e., the intruded waste panel at the time of the intrusion
had either a pressure less than 8 MPa or a brine saturation below the residual brine saturation Sy,, which was defined

by the uncertain analysis input WRBRNSAT (see Table 1, Ref. 9).

For the remaining cases, Egs. (15) - (20) were solved for a time period of 50 days, although the value used for 7,
was always less than 50 days. The minimum value used for 7, was 3 days, which is an estimate of the time required

to dnill from the repository through the Castile Fm and then cement the intermediate casing. If there is little or no gas




flow associated with brine inflow into the borehole during drilling in the Salado Fm, current industry practice is to

allow the brine to “seep” into the drilling mud and be discharged to the mud pits until the salt section is cased.

If there is a significant amount of gas flow, then it is possible that the driller will lose control of the well. In
such cases, direct brine releases will take place until the gas flow is brought under control. Two possibilities exist:
(1) the driller will regain control of the well when the gas flow drops to a manageable level, and (2) aggressive
measures will be taken to shut off the gas flow before it drops to a manageable level. In the 1996 WIPP PA, the
driller was assumed to be able to regain control of the well when the gas flow dropped to a “cut-off” rate of 1 x 10°
standard cubic feet per day (SCF/d in commonly used oil field units). Experience at the South Culebra Bluff Unit
#1, which blew out in January 1978, suggests that approximately 11 days are needed to bring a well under control
before the gas flow drops to a manageable level (i.e., 1 x 10° SCF/d). In particular, 11 days was the time required to

assemble the necessary equipment and personnel and then bring that well under control.

Given the preceding, ¢, is defined by

max {3 d,?/} ift,<1ld
Z, ={ s / 47

11d ifty>11d

in the 1996 WIPP PA, where 7, is the time at which the gas flow out of the well drops below 1 x 10° SCF/d. Asa
reminder, gas flow out of the repository in the intruding borehole, and hence tr, is determined as part of the solution

to Egs. (15) - (20).

8. Numerical Solution

As previously indicated, the BRAGFLO DBR program used to solve Egs. (15) - (20) is just the BRAGFLO
program used with the computational grid in Fig. 1, the initial value and boundary value conditions in Tables 1 and
2, and parameter values appropriate for modeling direct brine releases. Thus, the numerical procedures in use are the

same as those described in Sect. 9 of Ref. 10 for the solution of Egs. (2) - (7) of the same article.

In this solution, the boundary value conditions associated with drilling intrusions (i.rc., Pwrand p,gp in Table 2)
are implemented through the specification of fluid withdrawal terms (i.e., 4,,, and g, in Egs. (2) and (3) of Ref. 10
rather than as defined boundary value conditions. With this implementation, the representations in Egs. (15) and

(16) for gas and brine conservation become

3 (pgS,) (48)

ap K k
Ve {M(Vpg + pgth) +gyg = 00—

Mg



Ve [ﬁp_b‘f_bﬁ( 0 (bp5Ss) (49)

" Vpp + Pbth)} +0g,, = O
b

and the constraints in Egs. (17) - (20) remain unchanged. All quantities appearing in Egs. (17) - (20), (48), (49)
except gyg and q,,, have been defined (see paragraph following Egs. (15) - (20)).

The definitions of g,,, and g,,;, are now considered. As used in Eqs. (48) and (49), g,,, and g,,;, are independent
of the computational grid in use (Fig. 1). In practice, g,,, and g,,;, are defined with a productivity index (see Eq. (8))
that is a function of the specific computational grid in use, with the result that these definitions are only meaningful
in the context of the computational grid that they are intended to be used with. This specificity results because g,,,
and q,,, as used in Egs. (48) and (49) are defined on a much smaller scale than can typically be implemented with a
reasonable-sized computational grid. As a result, the values used for g,,, and g,,;, in the numerical solution of Egs.

(48) and (49) must incorporate the actual size of the grid in use.

In the solution of Eqs. (48) and (49) with the computational grid in Fig. 1, g,,, is used to incorporate gas flow
out of the repository and g, is used to incorporate both brine inflow to the repository from a pressurized brine

pdcket and brine flow out of the repository. For gas flow out of the repository,

kkrg(x:y’t)[pg(xvy>l) - pwf]
He[ln(r, /7, ) +s+c]

qwg(x’y: H= (50)

if (x, y) is at the center of the grid cell containing the drilling intrusion (Fig. 1) and ¢, (x, y, 1) = 0 (kg/m3)/s
otherwise, where £, k., W, 7¢, 7, 5 and c are defined in conjunction with Eq. (8), p, is gas pressure, and p,,ris the
flowing well pressure at the outlet borehole (i.e., the boundary value condition in Table 2). The factor / in Eq. (8) is
the crushed height of the repository as indicated in Eq. (5) and defines the factor o in Eqgs. (48) and (49). In the
numerical solution of Egs. (48) and (49), Qyg(*, ¥, 1) defines qfvg ; in Eq. (73) of Ref. 10, with qfvg}, ; having a
nonzero value only when i, j correspond to the grid cell containing the borehole through which gas outflow is taking

place (i.e., the grid cells containing the down-dip and up-dip wells in Fig. 1).

For brine flow,

kkrb(x:)’:t)[Pb(x,Yat) _puf]
uplln(r, /) +s+c]

Guwp(x,3,0) = (51

if (x, y) is at the center of the grid cell containing the drilling intrusion through which brine outflow from the

repository is taking place (Fig. 1);

kk,b(x,y,t)[PwEl _pb(xay’t)] (52)
pplin(r, /1, )+ c]

qwb(x’y’t) =



if (x, y) is at the center of the grid cell containing a prior drilling intrusion into a pressurized brine pocket (Fig. 1),
where p,,r; is the boundary value condition defined in Table 2; and ¢q,,,(x, v, £) = 0 otherwise. In the numerical
solution of Egs. (48) and (49), q,,,(x, v, ?) defines qfvzll ; 1n a discretization for Eq. {49) that is equivalent to the
discretization for Eq. (48) shown-in Eq (73) of Ref. 10; with q;'fl;,l ; having a nonzero value only when 7, j
correspond to the grid cell containing the borehole through which brine outflow is taking place (i.e., the grid cells
containing the down-dip and up-dip wells in Fig. 1; in which case, Eq. (51) defines qfv};}, ;) or to the grid cell

containing the borehole through which brine inflow to the repository from a pressurized brine pocket is taking place

n+1 )

(i.e., the grid cell containing the E1 intrusion in Fig. 1; in which case, Eq. (53) defines g, ;

Additional information on BRAGFLO DBR (actually BRAGFLO) and its use in the 1996 WIPP PA to
determine direct brine releases can be found in the analysis package for direct brine release® and in the BRAGFLO

users manual.30

9. Direct Brine Release: Uncertainty and Sensitivity Analysis

The direct brine release model predicts time-dependent releases of brine and gas (Figs. 7 and 11, Ref. 6). Fora
given drilling intrusion, the volume of released brine (m?) is multiplied by the concentration (EPA units/m3) of
dissolved radionuclides in CH-TRU waste (Sect. 10) at the time of the intrusion to produce the direct brine release.
Prior to an El intrusion, solubilities associated with brines derived from the Salado Fm are used; after an El
intrusion, solubilities associated with brines derived from the Castile Fm are used. Due to the low permeability of
the region surrounding each RH-TRU waste canister, intrusions into RH-TRU waste are assumed not to produce

direct brine releases.

The amount of brine associated with a direct brine release is sensitive to both the pressure and brine saturation in
the vicinity of the drilling intrusion. In turn, pressure and saturation are dependent on both the time of a drilling
intrusion and whether or not the drilling intrusion has been preceded by earlier intrusions. Due to the 1° dip of the
repository, it is also possible that conditions influencing direct brine release may differ between upper panels (i.e.,

panels 1, 2, 3, 6,7, 8, 9 in Fig. 1, Ref. 8) and lower panels (i.e., panels 4, 5, 10 in Fig. 1, Ref. 8).

The preceding considerations involving the time and location of drilling intrusions also affect spallings releases.
Therefore, direct brine release calculations were performed for the same times as spallings calculations (Sect. 12,
Ref. 8). Specifically, direct brine release calculations were performed for initial intrusions at 100, 350, 1000, 3000,
5000 and 10,000 yr and also for intrusions into upper (U) and lower (L) waste panels (Fig. 7). Most of the LHS
elements indicated in Eq. (14) of Ref. 9 for replicates R1, R2 and R3 produce no releases. Further, most of the

nonzero releases occurred for intrusions into the lower waste panel.
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Examination of the results for intrusion into the lower waste panel shows that nonzero brine releases tend to be
associated with larger values for brine saturation and intermediate values for pressure (Fig. 8). The largest gas
pressures tend to be associated with low brine saturations (Fig. 9) due to the consumption of brine in the corrosion of
steel and hence result in no direct brine releases. As. pressure is almost constant throughout the repository (Fig. 29,
Ref. 19), the greater number of zero releases for intrusions into the upper waste panels is due to lower brine
saturation (Fig. 23, Ref. 18). When a nonzero brine release does occur, the size of the corresponding normalized

release tends to increase as the dissolved radionuclide concentration in the brine increases (Fig. 10).

An alternate way to view the results in Figs. 8 and 9 is to use three dimensional plots. Then, the interplay

between brine release, saturation and pressure can be seen in a single plot (Fig. 11).

Direct brine release calculations were also performed for intrusions subsequent to an initial intrusion for the
same intrusion combinations as used for spallings (Fig. 12). As for initial intrusions, most LHS elements result in no
brine release for second intrusions. Due to the effects of the brine pocket, intrusions subsequent to an E1 intrusion
tend to have more nonzero releases than intrusions subsequent to an E2 intrusion. Further, intrusions into the same
waste panel tend to result in larger releases than intrusions into different waste panels. As pressure is almost constant
throughout the repository (Fig. 29, Ref. 19), the greater number of zero releases from intrusions into different waste
panels is due to lower brine saturation. However, it should be recognized that, in the computational implementation
of the analysis, what is described as two intrusions into the same panel is actually two intrustons into the same lower
panel, and what is described as two intrusions into different panels actually consists of an initial intrusion into a

lower waste panel and a subsequent intrusion into an upper waste panel (Fig. 1).

Borehole permeability (i.e., & = 10%, x = BHPRM), brine saturation and repository pressure interact to determine
the volume of brine released by a second drilling intrusion (Fig. 13). Specifically, direct brine releases for second
intrusions tend to be associated with higher brine saturations, higher pressures, and lower borehole permeabilities.
Further, the higher pressures tend to be associated with the lower borehole permeabilities (Fig. 32, Ref. 19). High
brine saturations are often associated with high values for borehole permeability (Figs. 36, 37, Ref. 19). However,
this combination of high saturation and high borehole permeability does not result in a spallings release for a second

or subsequent intrusion because the repository pressure is too low (Fig. 32, Ref. 19).

10. Solubility: Uncertainty and Sensitivity Analysis

Given that a nonzero brine release takes place, radionuclide solubility is a major determinant of the size of a
direct brine release (Fig. 10). The solubilities used in determining a direct brine release (see Sz in Table 1, Ref. 12)
depend on whether the conditions in the repository are dominated by brine from the Salado Fm (Fig. 14a) or brine
from the Castile Fm (Fig. 14b). For the 1996 WIPP PA, releases from a previously unintruded repository and also

releases not preceded by an E1 intrusion use the Salado-dominated solubilities; releases after an E1 intrusion use the
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Castile-dominated solubilities. Thus, the normalized releases in Figs. 7b and 12d were calculated with the
appropriate time-dependent solubilities from Fig. 14a; similarly, the normalized releases in Fig. 12b were calculated

with the appropriate time-dependent solubilities from Fig. 14b.

Each curve in Fig. 14 results from one LHS element and derives from the values of several uncertain variables
as indicated in Table 1 of Ref. 12. The noticeable downward shift of the solubility curves in Fig. 14 results when the
number of EPA units in solution changes from being dominated by Am-241 to being dominated by Pu-239. A '
similar but less conspicuous shift also takes place at earlier times in Fig. 14a when the number of EPA units in

solution changes from being dominated by Pu-238 to being dominated by Am-241.

For the 1996 WIPP PA, MgO is assumed to be added to the waste panels as a backfill to remove CO, generated
by microbial action and thereby to reduce solubilities by increasing the pH in the waste panels. In the absence of
MgO, radionuclide solubilities tend to be higher (Fig. 15). The real difference between the solubilities in Figs. 14
and 15 is not the presence or absence of MgO in the repository but rather the presence or absence of CO, produced

by microbial degradation of cellulosics.3!

The maximum solubilities in the absence of MgO are increased relative to the maximum solubilities in the
presence of MgO. However, the minimum solubilities with and without MgO are similar. This pattern occurs
because a degree of belief probability of 0.5 was assigned to the occurrence of the microbial degradation of cellulose
in the 1996 WIPP PA (see WMICDFLG in Table 1, Ref. 9). As a result, the presence or absence of MgO has no
effect on the solubilities associated with half of the LHS elements because no microbial degradation of celluloses is
assumed to be equivalent to the absence of CO,, which results in half the solubility curves in Fig. 15 being identical
to curves for the corresponding LHS elements in Fig. 14. Specifically, if microbial degradation of cellulose does not
take for a given LHS element, then the presence or absence of MgO does not affect the solubilities for that element.

The presence or absence of microbial degradation is the cause of the two groups of solubility curves in Fig. 15b.

11. Direct Brine Release: CCDFs

As for cuttings and spallings (Sects. 5, 10, Ref. 11), each Latin hypercube sample (LHS) element leads to a
CCDF for direct brine releases that is obtained by randomly sampling futures from the probability space (S, 4 st
Psp) associated with stochastic uncertainty (Sect. 10, Ref. 8) and then constructing the corresponding direct brine
release for each future. This construction is based on the volumes of brine (m>) brought to the surface by direct
brine release under different conditions and the radionuclide concentration (EPA units/m?) in that brine (Table 3).
The structure of the results in Table 3 for brine releases is the same as the structure of the results in Table 2 of Ref.

11 for solid material releases.
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For each sampled intrusion time, radionuclide concentration can be obtained by interpolating on Cgy(t;) and
Cg1(ty) as appropriate (Table 3). Specifically, Cgy(t;) is used before any Castile brine has entered the repository
due to an El intrusion, and Cgq(t;) is used after an E1 intrusion has allowed Castile brine to enter the repository.

Further, for an initial intrusion, the volume of released brine can be obtained by interpolating on VBgq ((14) and
VBgo 1 (t)-

As for spallings, obtaining results for second and subsequent intrusions is more difficult for two reasons. First,
results are available for initial intrusions at only 350 and 1000 yr. Second, results are available for second intrusions
but not for subsequent intrusions. The availability of results for initial intrusions at only 350 and 1000 yr is handled
by extending these results to initial intrusions at other times on the basis of the assumption that elapsed time from the
first to the second intrusion (i.e., Aty) is the primary determinant of the direct brine release for the second intrusion.

Specifically, the following assignments are made:

VB s(t, Atyp ) = VBey s(t1, Atyg) (53)

for 100 <t <1y =350 yr, and

VBg s(t, Atay ) = VBEs(12, Aty ) (54)

for 1, = 1000 < t < 10,000 yr. Similar assignments are also made for VBg, p, VBgy s and VBg, . The lack of
results for more than two intrusions is handled by assuming that direct brine releases for third and subsequent
intrusions can be estimated by ignoring intermediate intrusions and treating the initial intrusion and the particular

subsequent intrusion under consideration as if they were the only two intrusions in existence (Table 4).

For each LHS element, nS = 10,000 futures are randomly selected (Sect. 10, Ref. 8) and the corresponding
direct brine releases are determined as shown in Table 4. The resultant CCDFs for direct brine releases to the
accessible environment are then constructed (Sect. 11, Ref. 8) (Fig. 16). All the CCDFs fall below the boundary line
specified in 191.13(a). Overall, the CCDFs tend to be farther from the boundary line and also more scattered than
the CCDFs for cuttings and spallings (Figs. 6, 16, Ref. 11), with 51 out of 100 CCDFs being degenerate (i.e., having

no nonzero releases) for replicate R1. However, the distribution is still stable across the three replicates (Fig. 17).

The primary determinants of the uncertainty in the CCDFs in Fig. 16 are the pressure and brine saturation
conditions in the repository, with no direct brine releases taking place for low brine saturation (Figs. 8, 11, 13) and
also no releases taking place for low pressures (Figs. 8, 11, 13). For undisturbed conditions, pressure is primarily
influenced by factors related to gas generation (i.e., WMICDFLG, WGRCOR, WASTWICK, HALPOR and ANHPRM
as indicated in Fig. 18 and Table 6 of Ref. '18); similarly, brine saturation is also primarily influenced by factors
related to brine inflow and gas generation (i.e., HALPOR, WMICDFLG, WGRCOR, WASTWICK, and ANHPRM as
indicated in Fig. 23 and Table 7 of Ref. 18). Subsequent to a drilling intrusion, pressure and saturation are
determined primanly by borehole permeability (Figs. 32, 36, 37, Ref. 19).
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To provide additional perspective, CCDFs for volume of brine released by direct brine release (i.e., the quantity
obtained from Table 4 when Cgq and Cg; are set to 1) can also be constructed (Fig. 18). Similarly to cuttings and

spallings (Figs. 9, 18, Ref. 11), the release of more than 10 m® of material (i.e., brine) over 10,000 yr is unlikely.

As was done for the cuttings and spallings CCDFs (Sects. 5, 10, Ref. 11), a sensitivity analysis based on
stepwise Tegression analysis®233 with rank-transformed data®4 can be performed for the expected direct brine
releases associated with each CCDF (Table 5). The dominant variables are residual brine saturation in waste
(WRBRNSAT) and halite porosity (HALPOR), with the size of the release tending to decrease as WRBRNSAT
increases and to increase as HALPOR increases. The negative effect for WRBRNSAT results from reducing the
amount of brine that can take part in a direct brine release, and the positive effect for H4LPOR results from
increasing the amount of brine in the repository and also increasing the pressure in the repository under undisturbed
conditions. Small positive effects are also indicated for logarithm of anhydrite permeability (A NHPRM), logarithm
of bulk compressibility of brine pocket (BPCOMP), logarithm of halite permeability (HALPRM), initial pressure in
brine pocket (BPINTPRS), and pointer variable for selection of brine pocket volume (BPVOL). However, the final
regression models have R2 values of only 0.49 and 0.50. Thus, these models are not very effective in accounting for
the uncertainty in the analysis outcomes. This lack of resolution is due to the large number of sample elements that
have no direct brine release. For example, the effects of WRBRNSAT and HALPOR can be readily seen in the
scatterplots in Fig. 19; however, these effects tend to be obscured by the large number of zero releases. As a

reminder, direct brine releases can only take place when the repository is at a pressure that exceeds 8 MPa.

The regressions in Table 5 included the solubilities of the individual elements as candidate independent
variables (see Table 6 and also Table 1, Ref. 12). However, none of these solubilities were selected in the regression
analysis. Basically, the uncertainty in whether or not a direct brine release takes place is swamping out the
uncertainty induced by the solubilities when a release does take place. Also, borehole permeability (i.e., k= 10%, x =
BHPRM) appears to have little effect on the expected release for direct brine release (Fig. 20); again, this is probably

due to the dominant role played by the uncertainty in whether or not a direct brine release occurs at all.

The direct brine releases for individual futures were constructed with the assumption that each intrusion could
result in a direct brine release (Table 4). However, releases after the first intrusion only occur if the pressure in the
repository remains above 8 MPa (Fig. 13). The pressure in the repository subsequent to an intrusion is very
dependent on the borehole permeability (Fig. 32, Ref. 19). In turn, this means that the occurrence of direct brine
releases subsequent to an initial intrusion is also very dependent on borehole permeability {Fig. 13). In the present
analysis, there is no variation in the permeability in a borehole above the repository for plugging patterns 2 and 3;
specifically, all boreholes for a given LHS element are assumed to have the same permeability. As the repository
rapidly drops below 8 MPa unless a borehole has a very low permeability, it is probably unreasonable to assume that
the pressure in the repository after multiple intrusions has the same value as after a single intrusion. Rather, once a

higher permeability borehole occurs, the pressure would drop below 8 MPa and no additional direct brine releases
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would take place. Inclusion of this depressurization mechanism in the analysis would reduce the direct brine releases
(Fig. 21). However, the differences between the CCDFs with no cutoff (Fig. 16) and the CCDFs with a two drilling
intrusion cutoff (Fig. 21) are not large, which is consistent with the limited effect indicated for BHPRM in Fig. 20.

12. Discussion

The 1996 WIPP PA incorporated four direct release modes to the surface environment: cuttings, cavings,
spallings, and direct brine release (DBR). The DBR is described in this article; the cuttings, cavings and spallings
release modes are described in another article.!! The DBRs were substantially smaller than the cuttings, cavings and
spallings releases.!! Further, like the spallings releases, DBRs had the potential to occur only when the pressure in
the repository exceeded 8 MPa, which is the pressure exerted by a column of brine-saturated drilling fluid at the
depth of the repository.® At lower pressures, brine and gas were assumed to be contained in the repository and so

neither a spallings release nor a DBR could occur.

The 1996 WIPP PA also incorporated two distinct treatments of uncertainty: stochastic uncertainty (Sect. 3,
Ref. 7; Ref. 8) and subjective uncertainty (Sect. 5, Ref. 7; Ref. 9), with stochastic uncertainty being characterized by
aprobability space (S, 4 sp Psp) and subjective uncertainty being characterized by a probability space (S, B
Ps.)- Simple random sampling is used to propagate the effects of stochastic uncertainty through the analysis (Sect. 4,
Ref. 7; Ref. 8), and Latin hypercube sampling is used to propagate the effects of subjective uncertainty through the
analysis (Sect. 5, Ref. 7; Ref. 9). At a conceptual level, the treatment of stochastic and subjective uncertainty in the
analysis of cuttings, cavings and spallings releases!! is identical to the treatment of these uncertainties in the analysis
of DBRs. Further, the same LHSs are used in the propagation of subjective uncertainty, and the same random
samples are used in the construction of CCDFs arising from stochastic uncertainty. ‘The use of the same samples
permits results from different release modes (e.g., cuttings, cavings, spallings, DBR) to be combined to obtain results

for total releases from the repository. !>

Repository pressure is the primary determinant of whether or not a DBR occurs for a given drilling intrusion.
The subjective, or state of knowledge, uncertainty in repository pressure at the time of an initial drilling intrusion is
dominated by the extent to which microbial gas generation occurs, the rate at which corrosion of steel occurs, the
extent to which capillary forces cause brine to be drawn into the waste, halite porosity and anhydrite permeability
(Sects. 9, 11). Halite porosity and anhydrite permeability are important because they influence the amount of brine
that will enter the repository and subsequently be involved in the corrosion of steel. Subsequent to a drilling
intrusion, the uncertainty in repository pressure is dominated by borehole permeability. Given that repository
pressure is above 8 MPa, brine saturation of the waste is the primary determinant of whether or not a DBR will
occur, with no DBRs taking place for brine saturations below approximately 0.4. Prior to an initial drilling intrusion,

the uncertainty in brine saturation in the repository is dominated by the consumption of brine by corrosion and the




extent to which brine inflow to the repository occurs. Subsequent to a drilling intrusion, brine saturation in the
repository is dominated by brine flow in the intruding borehole; however, repository pressure is usually not high

enough for second and subsequent drilling intrusions to result in DBRs.

For a given DBR, the uncertainty in the radionuclide content of the release is determined by the uncertainty in
radionuclide solubilities (Sect. 10). However, the effects of uncertainty in radionuclide solubilities tends to be

overwhelmed by the greater effect of the uncertainty in whether or not a DBR event occurs.

Even when the effects of subjective uncertainty are taken into account, the CCDFs for DBR fall substantially
below and to the left of the EPA boundary line for releases to the accessible environment specified in 40 CFR 191
(Fig. 16). Further, although there is substantial uncertainty in the location of the CCDF for DBR, the replicated
LHSs indicate that the sample sizes in use (i..e., 100 for the individual replicates and 300 for the 3 pooled replicates)
are adequate for assessing compliance with the boundary line for releases to the accessible environment.
Specifically, the numerical uncertainty in the estimate of the distribution of CCDFs is small relative to the separation
between the distribution and the boundary line. In the preceding sentence, numerical uncertainty refers to the
uncertainty that enters the analysis due to the use of a sampling (i.e., Monte Carlo) procedure to estimate an integral

over the probability space for subjective uncertainty.

The CCDFs for DBRs are substantially below and to the left of the CCDFs for cuttings and cavings (Fig. 6, Ref.
11), with the result that DBR does not contribute significantly to the total release to the accessible environment and
thus to assessing compliance with the boundary line specified in 40 CFR 191.13 As for the spallings CCDFs, the
DBR CCDFs could be moved farther to the right by including the depressurization effects of initial drilling intrusions
through the operations and experimental areas (Sect. 11, Ref. 11); however, the inclusion of this effect would have
little impact on assessing compliance with 40 CFR 191 due to the dominant role played by the cuttings and cavings

releases.
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16.

Direct brine release (BRAGFLO_DBR) mesh.

Representation of coupling between grids in Fig. 1 of Ref. 10 and Fig. 1 to obtain initial conditions for
direct brine release calculation at each intrusion time.

Borehole representation used for Poettmann-Carpenter correlation.

Flowing bottom hole pressure (FBHP) (i.., p,,s in Eq. (25)) as a function of brine well index (i.e., J, in Eq.
(8)) and panel pressure for a system with only mobile brine (i.e., &, = 0) (Fig. B1, Ref. 6).

Flowing bottom hole pressure (FBHP) (i.e., Pwrin Eq. (25)) as a function of relative permeabilities and
panel pressure for a brine dominated system (i.e., log (k,g/krb) <0) (Fig. B2, Ref. 6).

Flowing bottom hole pressure (FBHP) (i.e., p,,r in Eq. (25)) as a function of relative permeabilities and
panel pressure for a gas dominated system (i.e., log (krg'kyp) > 0) (Fig. B3, Ref. 6).

Distribution of brine release and normalized release due to direct brine release for a single drilling intrusion
into a previously unintruded repository.

Scatterplots for volume of brine removed from repository due to direct brine release resulting from a single
drilling intrusion at 5000 yr into a previously unintruded repository that passes through CH-TRU waste in a
lower waste panel versus brine saturation (WAS SA7B) and pressure (WAS PRES) in that panel.

Scatterplots for brine saturation (WAS SATB) versus pressure (WAS_PRES) in lower waste panels of
undisturbed repository at 5000 yr.

Scatterplot for normalized release from repository due to direct brine release resulting from a single drilling
ntrusion at 10,000 yr into a previously unintruded repository that passes through CH-TRU waste in a lower
waste panel versus radionuclide concentration at 10,000 yr.

Three dimensional scatterplots for volume of brine removed due to direct brine release resulting from a
single drilling intrusion at 5000 yr into a previously unintruded repository that passes through CH-TRU
waste in a lower waste panel, brine saturation (WAS SATB) and pressure {(WAS PRES).

Distribution of brine release and normalized release due to direct brine release for the second drilling
intrusion into CH-TRU waste after an initial intrusion at 1000 yr. Similar results were obtained for initial
intrusions at 350 yr (Figs. 10.1.6, 10.1.7, Ref. 20).

Scatterplots for volume of brine removed from repository due to direct brine release resulting from second
drilling intrusion into CH-TRU waste in same waste panel as an initial E1 intrusion versus brine saturation
(WAS_SATB), pressure (WAS PRES) and logarithm of borehole permeability (BHPRM).

Radionuclide concentration (EPA units/m?) in repository brine with MgO backfill.

Radionuclide concentration (EPA units/m?) in repository brine without MgO backfill.

Distribution of CCDFs for normalized release to accessible environment over 10,000 yr due to direct brine

release: (16a) CCDFs for replicate R1, and (16b) mean and percentile curves obtained by pooling
replicates R1, R2 and R3.
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Fig. 17.

Fig. 18.

Fig. 19.

Fig. 20.

Fig. 21.

Outcome of replicated sampling for distribution of CCDFs for normalized release to the accessible
environment over 10,000 yr due to direct brine release: (17a) mean and percentile curves for individual
replicates, and (17b) confidence intervals (ClIs) on mean curve obtained from the three replicates.

Distribution of CCDFs for volume of brine removed to accessible environment over 10,000 yr due to direct
brine release: (18a) CCDFs for replicate R1, and (18b) mean and percentile curves obtained by pooling
replicates R1, R2 and R3.

Scatterplots for expected normalized releases associated with individual CCDFs for direct brine release
versus WRBRNSAT and HALPOR.

Scatterplot for expected normalized releases associated with individual CCDFs for direct brine release
versus BHPRM.

Distribution of CCDFs obtained with replicate R1 for normalized release to accessible environment over
10,000 yr due to direct brine release with the assumption that direct brine releases will only take place for
the first two drilling intrusions into the repository.
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Fig. 1. Direct brine release (BRAGFLO_DBR) mesh.
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direct brine release calculation at each intrusion time.
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panel pressure for a brine dominated system (i.e., log (k.g/k,) < 0) (Fig. B2, Ref. 6).
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Fig. 7. Distribution of brine release and normalized release due to direct brine release for a single drilling intrusion

into a previously unintruded repository.
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Fig. 8. Scatterplots for volume of brine removed from repository due to direct brine release resulting from a single
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lower waste panel versus brine saturation (WAS_SATB) and pressure (WAS_PRES) in that panel.
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Fig. 10. Scatterplot for normalized release from repository due to direct brine release resulting from a single drilling

intrusion at 10,000 yr into a previously unintruded repository that passes through CH-TRU waste in a lower
waste panel versus radionuclide concentration at 10,000 yr.
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Fig. 11. Three dimensional scatterplots for volume of brine removed due to direct brine release resuiting from a
single drilling intrusion at 5000 yr into a previously unintruded repository that passes through CH-TRU
waste in a lower waste panel, brine saturation (WAS_SATB) and pressure (WAS_PRES).
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Fig. 12. Distribution of brine release and normalized release due to direct brine release for the second drilling
intrusion into CH-TRU waste after an initial intrusion at 1000 yr. Similar results were obtained for initial

intrusions at 350 yr (Figs. 10.1.6, 10.1.7, Ref. 20).
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the first two drilling intrusions into the repository.
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Table 1. Initial Definition (i.e., Initial Value Conditions) for Brine Pressure pb (x, y, 0), Gas Saturation
Sg (x, y, 0) and Porosity ¢ (x, y, 0) for Computational Grid in Fig. 1, where (x, y) Designates a
Point in the Grid and f = 0 yr Corresponds to Time at which Drilling Intrusion Occurs

Values for py, (x, y, 0) and Sg (x,3,0)

I

Py (7, 0) jR By (E. 5t AV ] jR av

Sg(x7y7 0) = jgg(fvyrtinl)dV/ J‘dV
'R R

where P, and §g denote solutions to Egs. (2) - (7) of Ref. 10, X and ¥ denote the variables of integration, ¢,,, is
the time at which the drilling intrusion occurs (Note: ¢, defines a time in the solution of Egs. (2) - (7) of Ref. 10;
t = 0 defines the start time for the direct brine release calculation and corresponds to ¢, in the solution of Eqgs. (2) -
(7) of Ref. 10, and R corresponds to the region in the computational grid for BRAGFLO that is mapped into the
region in the computational grid for BRAGFLO DBR that contains the point (x, y) (Fig. 2)

Values for ¢ (x, v, 0)

03,0 = 1-h(1—dpp) Mty (x, y) in waste panel in Fig. 1
= hprzi Sorzi Mtm) (x,y) nDRZ inFig. 1
= hpg; Opsi Mtin) (x, y) in panel seal in Fig. 1
= hy;bud Wt (x, ) in undisturbed halite in Fig. 1

where £; is initial height of waste panels (3.96 m), yp; is initial porosity of waste panels (0.848), A(z;,) 1s height of
repository at time of intrusion (typically 1 to 1.5 m; corresponds to % in Eq. (5)), &pgz; is initial height for DRZ that
results in DRZ in Fig. 1 having the same pore volume as the initial pore volume of the DRZ in Fig. 1 of Ref. 10 (8.98
m), dpprz,; 1s initial porosity of DRZ (0.0129) (Note: hpryz; Aprz ®prz,; is equal to pore volume of DRZ in Fig. 1 of
Ref. 10, where App, is area associated with DRZ in Fig. 1), hpg; is initial height of panel seals (3.96 m), ¢pg; is
initial porosity of panel seals (0.075) (Note: %pg; Apg dps; is equal to pore volume of panel seals in Fig. 1 of
Ref. 10, where Apg is area associated with panel seals in Fig. 1), A ; is initial height of undisturbed halite in Fig. 1
(arbitrarily taken to be same as /gy ;, which is 8.98 m), and ¢y, is initial porosity of halite (0.01) (Note: due to its
low permeability (3.16 x 10723 m?), undisturbed halite has little effect on resuits calculated over a short time period
with the computational grid in Fig. 1 and so no effort was made to preserve halite pore volume when mapping from

the computational grid in Fig. 1 of Ref. 10 to the computational grid in Fig. 1).
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Table 2. Boundary Value Conditions for p, and S, in Solution of Egs. (15) - (20) with Computational
Grid in Fig. 1

(x, ) on Upper (Northern) or Lower (Southern) Boundary in Fig. 1,0 <¢

pp (%, y, 1)/dy = 0 Pa/m, 8S, (x, y, 1)/dy = 0 !

{x, y) on Right (Eastern) or Left (Western) Boundary in Fig. 1,0 <¢

Opp (x, v, )/0x =0 Pa/m, 08y (%, ¥, )/6x =0 m™!

(x, y) at Location of Drilling Intrusion under Consideration (see indicated points in Fig. 1), 0 < ¢

Py (x, 3, 2) = p,,p(see Sect. 5)

(x, ) at Location of Prior Drilling Intrusion that Penetrated Pressurized Brine (see indicated point in Fig. 1), 0 <¢

Py (%, y, ) =p,,p; (see Sect. 6)




Table 3. Results Available for Use in CCDF Construction for Direct Brine Releases

I

concentration (EPA units/m?) in brine in the repository under undisturbed conditions at
time T, where 1, k=1, 2, ..., 9, corresponds to 100, 125, 175, 350, 1000, 3000, 5000,
7500 and 10,000 yr. Based on solubilities (WSOLAM3S, WSOLPU3S, WSOLPUA4S,
WSOLU4S, WSOLUG6S, WSOLTH4S) and chemical conditions (WOXSTAT) for repository
dominated by Salado brine; see Table 1, Ref. 12, and Fig. 14a. Source: PANEL

Cro(tp)

concentration (EPA units/m?®) in brine in the repository subsequent to an El intrusion at
time 1, where 1, k=1, 2, ..., 9, corresponds to 100, 125, 175, 350, 1000, 3000, 5000,
7500 and 10,000 yr. Based on solubilities (WSOLAM3C, WSOLPU3C, WSOLPU4C,
WSOLUG6C) and chemical conditions (WPHUMOX3, WOXSTAT) for repository dominated
by Castile brine; see Table 1, Ref. 12, and Fig. 14b. Source: PANEL

Cei1(tp)

volume (m?) of brine released by a drilling intrusion into a previously unintruded repository
at time T, that encounters CH-TRU waste in an upper waste panel, where 1, k=1, 2, ..., 6,
corresponds to 100, 350, 1000, 3000, 5000 and 10,000 yr, respectively. See Fig. 7.
Source: BRAGFLO_DBR.

VBgo, i)

VB r(th) = Same as VB 1/(14) but for intrusion into a lower waste panel. See Fig. 7.

VBE1,s(t Aty) = volume (m3) of brine released by second drilling intrusion at time 7 + Aty into the same
waste panel penetrated by an initial El intrusion at time ¢z, where (1) 7, j = 1, 2,
corresponds to 350 and 1000 yr, (2) 7y + Aty k=1, 2, ..., 7, corresponds to 350, 550,
750, 2000, 4000, 10,000 and 10,250 yr (i.e., Aty = 0, 200, 400, 1650, 3650, 9650, 9900
yr), results for £ =2, 3, ..., 6 are summarized in Fig. 10.1.6 of Ref. 20, VB 5(1), Atyy) =
VBgy s(t1, Aty) (e, VBgyg (350,0) = VBgy g (350, 200)), and VBp o1y, Atig) =
VB s(11, Aty7) (ie., VBE) 5(350, 9650) = VB 5(350, 9900), and (3) 15 + Aty k=1, 2,
..., 6, corresponds to 1000, 1200, 1400, 3000, 5000 and 10,000 yr (i.e., ATy, = 0, 200, 400,
1000, 4000, 9000 yr), results for k=2, 3, ..., 6 are summarized in Fig. 12a, and VBg (13,
Aty) = VBps(t, Atyy) (e, VBpg (1000, 0) = VBg ¢ (1000, 200)). Source:
BRAGFLO_DBR. The assignments VB 5(350, 0) = VBg; 5(350, 200) and VBg; (1000,
0) = VBpy s (1000, 200) are made to bracket the time period between the occurrence of the
first drilling intrusion and the failure of the plug at the Rustler/Salado mterface; the
assignment VB g (350, 9650) = VBg) ¢ (350, 9900) is made to facilitate the use of

VB s(11, Atyy) for initial intrusions before 1) = 350 yr.
VBp1,p(Y> ATji) same as VB s(t;, Aty) but for intrusion into different waste panel. See Fig. 12a and

Fig. 10.1.6 in Ref. 20.
VBea,s(Tp AT = came as VBp1 5(1j, Aty) but for initial B2 intrusion. See Fig. 12c and Fig. 10.1.7 in Ref. 20.

VBe2.o(% AT) = e as VB pfj, Aty) but for initial E2 intrusion. See Fig. 12c and Fig. 10.1.7 in Ref.
20.
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Table 4.  Determination of Direct Brine Release fp(X,,) for an Arbitrary Future x, of Form in Eq. (30) of
Ref. 11

Release »DB; for intrusion into nonexcavated area at time #;: DB; =0

Release rDB; for intrusion into pressurized repository at time #; (i.e.,i=1 or Z;] =0forj=1,2,...,i=1):

rDB; = 0 if intrusion penetrates RH-TRU waste
= Cgo(t)® VBpo 1A) if /; in upper waste panel
= Cgolty) VBgor(t) if /; in upper waste panel.

Release #DB; for intrusion into a depressurized repository at time #; with no E1 intrusion in first / — 1 intrusions (i.e.,

by =0fork=1,2,...,j-1,b; =2, b #1fork=j+1,j+2,..,i~1):

rDB; = 0 if intrusion penetrates RH-TRU waste
= Cgo(t;) VB slijs i — 4)° if I;, I; in same waste panel
= Cpo(t) VB2 p(tj: ;= 1) if Jj, /; in different waste panels.

Release rDB; for intrusion into a depressurized repository at time #; with first E1 intrusion at time #; <7; (i.e., Ek #1
fork=1,2,...,j-1, b; =1):

¥rDB; = 0 if intrusion penetrates RH-TRU waste
= Cg1(%) VBgy s(t, ;- 1) if [;, I; in same waste panel
= Cp(t) VBpi p(t), ;— 1)) if I, I; in different waste panels.

Spallings release fp7(X,,):

n
fop(Xs) = z rDB;
i=1

2 Sce Table 3 in Ref. 11 for definition of b, =0,1,2.

b Here and elsewhere, appearance of an undefined time implies linear interpolation between defined times in Table 3.

€ Here and elsewhere, appearance of two undefined times implies two-dimensional linear interpolation between defined times in Table 3.




Table 5. Stepwise Regression Analyses with Rank-Transformed Data for Expected Volume and
Expected Normalized Release Associated with Individual CCDFs for Direct Brine Release

Expected Volume Expected Normalized Release

Step? Variable® SRRC¢ R2d Variable SRRC R?
1 WRBRNSAT ~0.44 0.19 WRBRNSAT —0.46 0.21
2 HALPOR 0.35 0.32 HALPOR 0.37 0.35
3 ANHPRM 0.28 0.39 ANHPRM 0.27 0.42
4 BPCOMP 0.22 0.44 BPCOMP 0.20 0.46
5 HALPRM 0.15 0.46 BPINTPRS 0.14 0.48
6 BPINTPRS 0.14 0.48 HALPRM 0.14 0.50
7 BPVOL 0.11 0.49

@ Steps in stepwise regression analysis.

b Variables listed in order of selection in regression analysis with ANHCOMP and HALCOMP excluded from entry
into regression model due to —0.99 rank correlations imposed on the variable pairs (ANHPRM, ANHCOMP) and
(HALPRM, HALCOMP) (see Sect. 7.2, Ref. 20).

¢ Standardized rank regression coefficients in final regression model.

¢ Cumulative R? value with entry of each variable into regression model.

Table 6. Solubilities Used in Sensitivity Studies Associated with Releases from the Repository (see
Table 1 of Ref. 12 for definitions of individual solubilities)

Variable Definition
SOLAMC Solubility (mol/1) of americtum in Castile brine.
SOLPUC Solubility (mol/1) of plutonium in Castile brine.
SOLTHC Solubility (mol/1) of thorium in Castile brine.
SOLUC Solubility (mol/1) of uranium in Castile brine.
SOLAMS Solubility (mol/1) of americium in Salado brine.
SOLPUS Solubility (mol/1) of plutonium in Salado brine.
SOLTHS Solubility (mol/1) of thorium in Salado brine.
SOLUS Solubility (mol/1) of uranium in Salado brine.
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