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Andersson, J., Ed. 1989. The Joint SKIISKB Scenario Development Project. SKB 
Technical Report 89-35, Authors: J. Andersson, T. Carlsson, T. Eng, F. Kautsky, E. 
Soderman, and S. Wingefors. Swedish Nuclear Fuel and Waste Management Co., 
Stockholm, Sweden. 

ABSTRACT; p. 1, para. 1; 
The Swedish Nuclear Power Inspectorate (SKI) and the Swedish Nuclear Waste 

Management Co. (SKB) have carried through a joint scenario development exercise of a 
hypothetical repository for spent nuclear fuel and high level waste based on the KBS-3 
concept as disposal method. 

The starting point of the scenario development strategy has been the "Sandia 
Methodology", but the actual implementation of the steps in this method has required new 
strategy development. The work started with a relatively large internationally composed 
group meeting, which identified an extensive list (approximately 150 items) of features, 
events and processes (FEPs) that might influence the long term performance of a repository. 
All these FEPs and a memo-text containing a description of the FEP as well as its possible 
causes and consequences have been entered into a computer database. 

The next step in the development was to remove from the list approximately 30 FEPs 
of low probability or negligible consequence. In a following step a large number of the 
FEPs on the original list were assigned to the "PROCESS SYSTEM". The PROCESS 
SYSTEM comprises the complete set of "deterministic" chemical and physical processes that 
might influence the release from the repository to the biosphere. A scenario is defined by a 
set of external conditions which will influence the processes in the PROCESS SYSTEM. 

Approximately 50 FEPs were left representing external conditions. These remaining 
FEPs have been grouped (lumped) into a few (10) primary FEPs of external conditions. The 
remaining FEPs could all be combined to form scenarios, but it is concluded that it is not 
meaningful to discuss combinations without first analyzing the consequence and probability of 
the individual conditions. 

An important aspect of the work is that the developed strategy includes a framework 
for the documentation of the complete chain of scenario development. Such a transparent 
documentation makes possible an extensive review and updating of the set of scenarios. A 
reviewing process, open to very broad groups in the society, is probably the best means of 
assuring reasonable completeness and of building up a general consensus on what are the 
critical issues for the safe disposal of radioactive waste. 

In conclusion, the strategy developed within the project appear to be a feasible 
approach to scenario development, but it must be stressed that the present project is a first 
stage and that the complete analysis must be reiterated several times." 

-- 
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Barr, G.E., Miller, W.B., and Gonzalez, D.D. 1983. Interim Report on the Modeling of the 
Regional Hydraulics of the Rustler Formation. SAND83-0391. Sandia National 
Laboratories, Albuquerque, NM, pp. 26-27. WPO 27557. 

ABSTRACT, pp 3-4; 
The finite-element code ISOQUAD was used to simulate the head distribution within 

the two major water-bearing units of the Rustler Formation at the Waste Isolation Pilot Plant 
(WIPP), the Magenta and Culebra dolomites. The derived surfaces correlate well with those 
generated manually by the US Geological Survey (USGS) and Sandia National Laboratories 
(SNL). Calculated migration of a continuously injected contaminant from an assumed 
smeared point source at the center of the site was observed in terms of concentration relative 
to the initial input. Migration rates of specific concentration fronts decreased with increasing 
time. The average rate of movement of the 10.' relative concentration contour was less than 
10 mlyr for the first 800 yr in the Culebra Dolomite. By 800 yr, the migration of this 
concentration front has essentially ceased. In the case of the Magenta Dolomite, the average 
rate of movement of the relative concentration contour was 0.44 mlyr for the first 676 yr 
of continuous contaminant injection; the contaminant plume in the Magenta shows little 
movement thereafter. For reasons of scale, the plume calculation overestimates the actual 
rate of movement of contaminants. Particle velocities for selected streamlines, more 
characteristic of contaminant movement, are calculated in Appendix B for comparison with 
the results of the FEIS. These particle velocities indicate groundwater travel times of - 130 A 

000 yr from the center of the WIPP site to a distance of 12.9 km (8 mi). 
The validity of the porous-medium approximation of the Rustler aquifers was 

examined by the evaluation of the drawdown portion of aquifer pump tests. Drawdown 
curves were successfully duplicated as a function of hydraulic conductivity, storativity, and 
well radius. Estimation of the effective radius examined in each well test indicates that there 
are no significant fluid-bearing fractures of channels within 60 m of tested wells. Because of 
variable test duration and in situ hydraulic properties, effective radii tested range from 37 to 
1500 m (see Appendix A)." 

Magenta Unit; p. 26, col. 2; 
The data for the Magenta for the 16 mi x 16 mi region modeled consist of water level 

measurements, slug tests, and pumptests at 10 different locations. The wells measured were 
H-1, H-2, H-3, H-4, H-5, H-6, H-9, H-10, W-25 and W-27. In addition there are two 
holes, W-26 and W-28, where the Magenta did not yield water to a well. At W-29 the 
Magenta Unit is not present due to erosion. The Magenta Unit is similar in character to the 
Culebra and is discussed by Gonzalez (1983a). This unit was not tested for anisotropy and 
so is presumed for the purposes here to be isotropic, although transport is so slight that this 
presumption is essentially irrelevant. Values for the hydraulic conductivity are assigned as 
shown in Figure 15, except for W-26 and W-28, which were dry and were given an 
extremely small value of conductivity. The initial head distribution calculated with a 
reflecting boundary and fixed well head values is shown in Figure 16. The corresponding - 
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self-consistent head distribution or potentionmetric surface derived in these calculations is 
shown in Figure 17, and the corresponding derived values for the hydraulic conductivity are 
listed in Table 2. The head potential exhibits the steepest gradients in the vicinity of Nash 
Draw, to the west of the site. The repository site is indicated by the 8-sided figure (Figure 
16). The smaller square inside this figure is a cutout used for a plume calculation in the 
manner of that discussed for the Culebra with the same concentration input. The cutout is a 
2.4 x 2.4 km (1.5 x 1.5 mi) block with 289, 150 x 150 m (492 x 492 ft) elements. A plume 
is assumed to have formed around a central continuous source of cantarninant. The initial 
plume is shown in Figure 18. The extent of the plume 676 yr later is shown in Figure 19, 
amounting to less than 300 m (1000 ft) growth in that period (0.44 mlyr). There is so little 
movement in this long period, and much of that movement appears to be numerical 
dispersion, that it seems pointless to transfer the plume to subsequent cutouts as was done for 
the Culebra. To check this conclusion, we assigned to the large-size problem, 25,8 x 25.8 
km (16 x 16 mi), so that the plume clearly overlapped the region of highest gradients. The 
results were similar; in effect, no movement on the 1610 x 1610 m (1 x 1 mi)grid scale of 
the calculations. This calculation is not shown. Unless the well data change substantially, or 
new data are added, it seems inappropriate to examine the Magenta Unit further." 

- 
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Beauheim, R.L., 1987. Interpretations of Single-Well Hydraulic Tests Conducted At and 
Near the Waste Isolation Pilot Plant (WIPP) Site, 1983-1987. SAND87-0039. Sandia 
National Laboratories, Albuquerque, NM, pp. 110-118. WPO 27679. 

ABSTRACT, p 3, para 1; 
Both single-well and multiple-well hydraulic tests have been performed in wells at and 

near the WIPP site as part of the site hydrogeologic-characterization program. The single- 
well tests conducted from 1983 to 1987 in 23 wells are the subject of this report. The 
stratigraphic horizons tested include the upper Castile Formation; the Salado Formation; the 
unnamed, Culebra, Tamarisk, Magenta, and Forty-niner Members of the Rustler Formation; 
The Dewey Lake Red Beds; and Cenozoic alluvium. Tests were also performed to assess the 
integrity of a borehole plug isolating a pressurized brine reservoir in the Anhydrite I11 unit of 
the Castile Formation. The types of tests performed included drillstem tests (DST's), rising- 
head slug tests, falling-head slug tests, pulse tests, and pumping tests." 

The Castile and Solado testing was performed at well WIPP-12 to try to define the 
source of high pressures measured at the WIPP-12 wellhead between 1980 and 1985. The 
test of the plug above the Castile brine reservoir indicated that the plug may transmit 
pressure, but if so, the apparent surface pressure from the underlying brine reservoir is 
significantly lower than the pressure measured at the wellhead. The remainder of the upper 
Castile did not show a pressure response differentiable from that of the plug. All attempts at 
testing the Salado in WIPP-12 using a straddle-packer DST tool failed because of an inability I-- 

to locate good packer seats. Four attempts to test large sections of the Salado using a single- 
packer DST tool and a bridge plug were successful. All zones tested showed pressure 
buildups, but none showed a clear trend to positive surface pressures. The result of the 
WIPP-12 testing indicate that the source of the observed high pressures is within the Salado 
Formation rather than within the upper Castile Formation and that this source must have a 
very low flow capacity and can only create high pressures in a well shut in over a period of 
days to weeks. 

DST's performed on the lower siltstone portion of the unnamed lower member of the 
Rustler Formation at H-16 indicated a transmissivity for the siltstone of about 2.4 x lo4 
ft2/day. The formation pressure of the siltstone is higher than that of the overlying Culebra 
at H-16 (compensated for the elevation difference), indicating the potential for vertical 
leakage upward into the Culebra. However, the top of the tested interval is separated from 
the Culebra by over 50 ft of claystone, halite, and gypsum. 

The Culebra Dolomite Member of the Rustler Formation was tested in 22 wells. In 12 \;" 
*r, , ,.**" 

of these wells (H-4c, H-12, WIPP-12, WIPP-18, WIPP-19, WIPP-21, WIPP-22, WIPP-30 P- 
15, P-17, ERDA-9, and Cabin Baby-1), falling-head slug tests were performed in H-1, and 
only a rising-head slug test was performed in P-18. DSTs were performed in conjunction 
with rising-head slug tests in wells H-14, H-15, H-16, H-17, and H-18. At all of these wells 
except H-18, the indicated transmissivities were 1 ft2/day or less and single-porosity models 
fit the data well. At H-18, the Culebra has a transmissivity of about 2 ft2/day. The apparent 
single-porosity behavior of the Culebra at H-18 may be due to the small spatial scale of the 

October 17, 1996 XRE6-4 APPENDIX XRE6 



tests rather than to the intrinsic nature of the Culebra at that location. Pumping tests were 
performed in the other 3 Culebra wells. The Culebra appears to behave hydraulically like a 
double-porosity medium at wells H-8b and DOE-1, where transmissivities are 8.2 and 11 
ft2/day, respectively. The Culebra transmissivity is highest, 43 ft21day, at the Engle well. No 
double-porosity behavior was apparent in the Engle drawdown data, but the observed single- 
porosity behavior may be related more to wellbore and near-wellbore conditions than to the 
true nature of the Culebra at that location. 

The claystone portion of the Tamarisk Member of the Rustler Formation was tested in 
wells H-14 and H-16. At H-14, the pressure in the claystone failed to stabilize in three days 
of shut-in testing, leading to the conclusion that the transmissivity of the claystone is too low 
to measure in test performed on the time scale of days. Similar behavior at H-16 led to the 
abandonment of testing at that location as well. 

The Magenta Dolomite Member of the Rustler Formation was tested in wells H-14 
and H-16. At H-14, examination of the pressure response during DSTs revealed that the 
Magenta had taken on a significant overpressure skin during drilling and Tamarisk-testing 
activities. Overpressure-skin effects were less pronounced during the drillstem and rising- 
head slug tests performed on the Magenta at H-16. The transmissivity of the Magenta at H- 
14 is about 5.5. x 10.' ft2/day, while at H-16 it is about 2.7 x 10.' ft2lday. The static 
formation pressures calculated for the Magenta at H-14 and H-16 are higher than those of the 
other Rustler members. - The Forty-niner Member of the Rustler Formation was tested in wells H-14 and H-16. 
Two portions of the Forty-niner were tested at H-14: the medial claystone and the upper 
anhydrite. DST's and a rising-head slug test were performed on the claystone, indicating a 
transmissivity of about 7 x 10.' ft2/day. A buildup test of the forty-niner anhydrite revealed a 
transmissivity too low to measure on a time scale of days. a pulse test, DST's, and a rising- 
head slug test of the Forty-niner clay at H-16 indicated a transmissivity of about 5.3 x 10" 
ft2/day. Formation pressures estimated for the Forty-niner at H-14 and H-16 are lower than 
those calculated for the Magenta (compensated for the elevation differences), indicating that 
water cannot be moving downwards from the Forty-niner to the Magenta at these locations. 

Section 5.2.1 Unnamed Lower Member., p 50, col 1, para 4; 
The unnamed lower member of the Rustler was tested only at H-16. This testing had 

two objectives: 1)to determine the transmissivity of the unit; and 2) to determine the 
hydraulic head of the unit. The transmissivity is a parameter needed to calculate potential 
leakage rates from the unnamed lower member into the WIPP shafts. The hydraulic head is 
also needed for leakage calculations, as well as to evaluate directions of potential vertical 
movement of groundwaters withii the Rustler Formation. . . ." 

p 50, col 2, para 4; 
The simulation in Figure 5-12 is of a single-porosity medium with a transmissivity of 

2.7 x lo4 ft2/day (Table 5-2). Assuming a porosity of 30%, a total-system compressibility of 
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1.0 x psi-', and a fluid viscosity of 1.0 cp, the skin factor for the well in this simulation 
is -0.4, indicating a very slightly stimulated well. The dimensionless Homer plot of the FBU 
(Figure 5-13) shows an excellent fit of the simulation to the data, and indicates that the static 
formation pressure is about 213 psia. 

The SLF lasted about 29 minutes, and was followed by a 50-hr SBU. The log-log 
plot of the SBU data (Figure 5-14) shows behavior similar to that seen in the FBU plot 
(Figure 5-12). The single-porosity simulation shown, however, uses a transmissivity of 2.2 
x 104ft2/day, and a skin factor of 0.2 (Table 5-2). These values imply a slightly less 
permeable formation and a slightly more damaged well than were indicated by the FBU 
analysis. " 

2.7 x 104ft2 x x m2 x a x hour - - 2.9 x 10-10m2 
day ft2 39.3%' 24 hour 3600 sec. second 

2 . 2 x 1 O 4 f t z x ~ x  m2 x k x  hour - - 2 . 4 ~ 1 0 - ' ~ m ~  
day ft2 39.3%' 24 hour 3600 sec. second 
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TABLE 5-2 
SUMMARY OF NON-CULEBRA SINGLE-WELL TEST RESULTS 

IVELL - 
H - I 6  

bib14 

H - 1 G  

H-14 

ti-16 

Carper 

ZONE 
NAME 

Unnamed 
lower 
member 
siltstone 

Magenta 

Magenta 

Forty- 
niner 
claystone 

Forty- 
ni:~er 
clay 

Cenozoic 
alluvium 

ZONE 
DEPTH 

lNTERVAL 
m 

778-842 

424-448 

590-618 

390405 

563-574 

263386 

DEPTH 
INTERVAL 
TESTED 

739-851 

420-348 

589-621 

381 409  

560-581 

263-386 

TEST 

DSTIFBU 
DSTSBU 

DSTIFBU 
DSTiSBU 
DSTilBU 

DSTIFBU 
CSTISBU 

slug 

DSTIFBU 
DSTISBU 

slug 

pulse 
DSTIFBU 
~ S ~ , ~ ~ B l J  

slug 

pumping 

SKIN 
FACTOR 

-0.4 
0.2 

0.5 
0.4 
0.3 

-0.4 
-0.8 - 

3.2 
3.3 - 
- 
0.7 
0.6 - 
- 

APPENDIX XRE6 October 17, 1996 



Compliance Certification Application Reference Expansion - 
p. 73; 
"Conclusions: The Culebra is 26.5 ft thick at H-14. The transmissivity of the upper 5.8 ft 
is 0.10 ft2/day, while that of the entire unit is 0.30 ft2/day. Hence, the average hydraulic 
conductivity of the upper 5.8 ft of the Culebra appears to be about 1.8 times greater than that 
of the lower 20.7 ft. This difference does not represent a great degree of heterogeneity." 

Section 5.2.3 Tamarisk Member, p. 108, col. 1, para 2; 
The Tamarisk Member of the Rustler Formation was tested in wells H-14 and H-16. 

The purposes of the Tamarisk testing were to: 1) define the hydraulic head of the unit; and 
2) measure the transmissivity of the unit. Information on the hydraulic head of the Tamarisk 
is needed to evaluate potential direction of vertical movement of groundwater between the 
Rustler members. The transmissivity of the Tamarisk is a parameter needed for vertical 
cross-sectional or three-dimensional modeling of groundwater flow in the Rustler. The 
claystone/mudstone/siltstone portion of the Tamarisk (referred to hereafter simply as the 
claystone) is believed to be more permeable than the anhydritelgypsum sections, and 
therefore easier to test. Consequently, tests were attempted only on the claystone portion of 
the Tamarisk at H-14 and H-16. 
5.2.3.1 H-14. 

At H-14, the Tamarisk claystone extends from about 517 to 525 ft deep (Figure 3-6). 
The initial test was performed over an interval from the base of a packer at a depth of 494.5 
ft to the then-bottom of the hole 533 ft deep. Thus, the test interval included the 8-ft -. 

thickness of claystone, and 30.5 ft of overlying and underlying anhydrite and gypsum. 
Descriptions of the test instrumentation and the test data are contained in Stensrud et al. 
(1987). 

Testing began on October 7, 1986, by setting the packer, swabbing the tubing to 
decrease the pressure in the test interval, and closing the shut-in tool to isolate the test 
interval and allow the test-interval pressure to recover and equilibrate at the existing static 
formation pressure. The pressure response observed during the testing is shown in Figure 5- 

5+-4* +' 
82. After being shut in for nearly 37 hr, the fluid pressure in the Tamarisk claystone test 
interval had still not stabilized, but was rising at an ever-decreasing rate. The pressure in the 
wellbore above the packer, in contrast, was dropping as fluid was apparently entering the 
exposed Magenta and Forty-niner Members. Because the Tamarisk pressure had not 
stabilized, and did not appear likely to stabilize for several days or weeks, no drillstem tests 
were performed. 

To verify that the observed response during the shut-in period was representative of 
the Tamarisk claystone and not caused by a tool malfunction, the packer was deflated and the 
DST tool was reset 8 ft deeper in the hole on October 9, 1986. After swabbing and shutting 
in the new test interval, a pressure buildup similar to that observed at the previous depth was 
measured for 4.5 hr (Figure 5-82). At this point, we concluded that the permeability of the 
Tamarisk at H-14 is too low to allow testing on the time scale of a few days, and abandoned 
the effort. 

No conclusions about the static formation pressure of the Tamarisk can be drawn 
-. 
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from the observed pressure buildups, because we have no way of evaluating the role played 
by the overpressure skin that was probably created during drilling. Subsequent testing of the 
Magenta and Forty-niner Members, discussed below, revealed fluid-pressure buildups to be 
significantly affected by overpressure skins. 
5.2.3.2 H-16 

At H-16, the Tamarisk claystone extends from 677.5 to 690.1 ft deep (Figure 3-8). 
The interval tested extended from 674.5 to 697.9 ft, the bottom of the hole at that time, thus 
including 10.8 ft of overlying and underlying gypsum. Descriptions of the test 
instrumentation and the test data are presented in Stensmd et al. (1988). 

Testing was performed on August 5, 1987. After the packer was set, the tubing was 
swabbed and the shut-in tool was opened to relieve the pressure that had been exerted on the 
formation by the column of drilling fluid in the well. The test interval was then shut in to 
allow the wellbore and formation pressures to equilibrate. Figure 5-83 shows the slow 
pressure rise that resulted over the next 10 hr. This pressure recovery was very similar to 
that observed for the Tamarisk claystone at H-14 (Figure 5-82). Based on the similarity to 
the H-14 response and the conclusion that the Tamarisk could not be tested on the time scale 
of a few days at H-14, the testing effort at H-16 was abandoned. 

This decision was borne out by subsequent pressure measurements made by the 
transducer installed at the Tamarisk horizon as part of the 5-packer installation in H-16 
(Figure 3-8). From August 31, 1987, 4 days after the 5-packer installation was completed, 

,- until December 15, 1987, the pressure in the Tamarisk interval declined from 204 psig to 
169 psig (Stensmd et al., 1988 and in preparation), with complete stabilization apparently 
several months in the future. The Tamarisk transducer in the 5-packer system is mounted at 
a depth of 647.1 ft. IN a borehole containing brine with a specific gravity of 1.2, the 
pressure at the midpoint of the Tamarisk claystone 684 A deep is about 19 psi higher than 
that measured by the transducer. Hence, the most that can be said at present is that the static 
formation pressure of the Tamarisk is less than 188 psig. The very slow pressure 
stabilization of the Tamarisk claystone likely indicates that its transmissivity is one or more 
orders of magnitude lower than that of the least-transmissive unit successfully tested in H-16, 
the unnamed lower member siltstone (2 x 104ftz/day; Table 5-2)." 

Section 5.2.4 Magenta Dolomite Member, p. 110, col. 1, para. 2; 
The Magenta dolomite was tested in wells H-14 and H-16. The objectives of the 

Magenta testing were to obtain quantitative information on the hydraulic head and 
transmissivity of the unit. " 

Section 5.2.4.1 H-14, p 111, col 1, para 2, line 3; 
The simulation is representative of a single-porosity medium with a transmissivity of 

5.6 x 10" ft2/day (Table 5-2). Assuming a porosity of 20%, a total-system compressibility of 
1.0 x 10-5psi-', and a fluid viscosity of 1.0 cp, the skin factor of this simulation is about 0.5 
indicating a well with very little wellbore damage. The simulation does not fit the observed 
early-time data very well, but it does fit the middle- and late-time pressure data adequately." 

APPENDIX XRE6 XRE6-11 October 17. 1996 



Compliance Certification Application Reference Expansion 

Section 5.2.4.2 H-16, page 115, col 2, para 2, line 3; 
The simulation is representative of a single-porosity medium with a transmissivity of 

2.8 x 10-2ft2/day (Table 5-2). Assuming a porosity of 20%, a total system compressibility of 
1.0 x 10-5psi-', and a fluid viscosity of 1.0 cp, the skin factor for this simulation is -0.4, 
indicating a very slightly stimulated well. The pressure derivative shows oscillations similar, 
although with much lower amplitudes, to those observed in the H-14 Magenta SBU and TBU 
data (Figures 5-87 and 89)." 

Section 5.2.5 Forty-niner Member, p. 119; 
The Forty-niner Member of the Rustler Formation was tested in wells H-14 and H-16. 

The objectives of the testing were to obtain hydraulic-head and transmissivity estimates. The 
hydraulic-head measurements are particularly important in helping to determine whether or 
not water from the Dewey Lake Red Beds, and by extension from the surface, can be 
recharging the Magenta and Culebra dolomites at the WIPP site. The transmissivity 
estimates allow an evaluation of the ability of the Forty-niner to provide water to the WIPP 
shafts, as well as providing data for cross-sectional or three-dimensional modeling of 
groundwater flow in the Rustler. 
5.2.5.1 H-14. 

Two sets of Forty-niner tests were performed at H-14, tests of the medial 
claystoneimudstoneisiltstone unit (hereafter referred to simply as claystone) and tests of the 
upper anhydrite unit. The claystone tests were to provide data on the hydraulic head and 
transmissivity of the most permeable section of the Forty-niner. The anhydrite tests were 
intended to verify the assumptions that the Rustler anhydrites are much less permeable than 
the claystones, and that they cannot be tested on the time scale of days. 
Fortv-niner Clawtone: 

At H-14, the claystone portion of the Forty-niner lies between 390 and 405 ft deep 
(Figure 3-6). The claystone was tested in a DST straddle interval extending from 381.0 to 
409.5 ft deep. Thus, about 13.5 ft of Forty-niner anhydrite and gypsum were included in the 
test interval. Descriptions of the test instrumentation and the test data are contained in 
s t e n s ~ d  et al. (1987). 

The Forty-niner claystone was tested on October 13 and 14, 1986. Testing consisted 
of two flow periods, two buildup periods, and a rising-head slug test (Figure 5-95). The 
FFL lasted about 18 minutes, and was followed by a 92-minute FBU. The SFL lasted about 
32 minutes, and was followed by a SBU almost 16 hr long. To obtain equivalent constant- 
rate flow periods, each of the flow periods was divided into two shorter periods. The FFL 
was divided into two periods with flow rates of 0.028 and 0.021 gpm, and the SFL was 
divided into periods with flow rates of 0.022 and 0.017 gpm (Table 5-1). The slug test 
lasted slightly over 6 hr, by which time about 57% of the induced pressure differential had 
dissipated. 

Overpressure skin effects were apparent during the Forty-niner claystone testing, just 
as they were during all other testing at H-14. The fluid pressure reached a maximum of 
67.9 psia during the initial equilibration period, was essentially constant at 66.8 psia at the 

-T 
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end of the FBU, and peaked at 66.2 psia during the SBU (Figure 5-95). The superposition 
of pressure-skin effects manifested in the Magenta test data (see Section 5.2.4.1) was not 
apparent, however, in the Forty-niner claystone test data. 

Figure 5-96 shows a log-log plot of the Forty-niner claystone FBU data with an 
INTERPRET-generated simulation. The late-time pressure derivative shows the decline 
indicative of overpressure skin. The simulation is representative of a single-porosity medium 
with a transmissivity of 7.1 x 10.' ft2/day (Table 5-2). Assuming a porosity of 30%, a total- 
system compressibility of 1.0 x psi-', and a fluid viscosity of 1.0 cp, the s k i  factor for 
this simulation is about 3.2, indicating a damaged well. 

The dimensionless Homer plot of the FBU data is shown in Figure 5-97. The 
simulation matches the observed data very well until late time, when the data deviate towards 
a static pressure lower than the 67.8 psia specified for the simulation. This discrepancy 
between the observed data and the simulation is entirely consistent with the effects of an 
overpressure skin. 

The log-log plot of the SBU data is shown in Figure 5-98. Overpressure-skin effects 
are once again evident in the late-time pressure derivative. The simulation shown was 
generated by INTERPRET using a single-porosity model and a transmissivity of 6.9 x 10- 
'f?/day (Table 5-2). With the assumed parameter values listed above, the skin factor for this 
simulation is about 3.3, comparable to the value obtained from the FBU analysis. 

A log-log early-time plot of the rising-head slug-test data is shown in Figure 5-99, - along with the best-fit type curve. The fit is quite good until near the end, when the 
observed data oscillate for an unknown reason. The type-curve fit shown provides a 
transmissivity estimate of 3.0 x 10'2ft2/day (Table 5-2), which is slightly less than half of the 
values provided by the FBU and SBU analyses. A slightly different type-curve fit might 
have been indicated had the late-time data been better behaved. 

The static formation pressure for the Forty-niner claystone is difficult to estimate 
because of the overpressure-ski effects present during the buildup tests, and because of the 
nonideal behavior during the latter portion of the slug test. The static formation pressure 
must be less than the final pressure measured at the end of the SBU, 65.5 psia. The slug-test 
analysis relied on a static formation pressure estimate of 62 psia, although a reasonably good 
fit was also obtained using an estimate of 65 psia. Considering that the transducer during 
these tests was set 362.9 ft deep, that the transducer measured an atmospheric pressure of 12 
psia before testing began, and that the borehole contained brine with a specific gravity of 
1.2, 65 psia corresponds to a static formation pressure of 71 psig at the midpoint of the 
claystone 398 ft deep. This value is reliably a maximum. 
Fortv-niner Anhvdrite. 

The upper anhydrite and gypsum unit of the Forty-niner Member lies 359.5 to 390 ft 
deep at H-14 (Figure 3-6). The unit is roughly 75% anhydrite and 25% gypsum, based on 
interpretation of a neutron log. The unit was tested in a DST straddle interval extending 
from 356.0 to 384.5 ft deep. Thus, the bottom 3.5 ft of the Dewey Lake Red Beds and the 
Dewey LakeIRustler contact were included in the test interval. Descriptions of the test 
instrumentation and the test data are contained in Stensmd et al. (1987). - 
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The Forty-niner anhydrite was tested from October 14 to 15, 1986. Because the 
anhydrite was expected to have too low a permeability to allow quantitative testing the few 
days available for testing, no pressure-equilibration period preceded the testing. Instead, as 
soon as the packers were set, the tubing was swabbed with the shut-in tool open, and the test 
interval was left open to the tubing for about 16 minutes for a flow period (Figure 5-100). 
Very little fluid entered the tubing at this time. The test interval was then shut in for about 
16.5 hr. The pressure increased by about 1 psi over the first 1.5 hr of the buildup, and by 
another psi over the last 1.5 hr. At that time, the testing was terminated. The Forty-niner 
anhydrite was judged to have a permeability much lower than that of the claystone, and 
quantitative testing of the anhydrite appeared to require weeks to months of effort." 

Section 5.3 Dewey Lake Red Beds, p 128, col 1, para 2; 
Little testing of the Dewey Lake Red Beds near the WIPP site has ever been 

attempted, primarily because of the lack of evidence of continuous zones of saturation 
(Mercer, 1983). The Dewey Lake Red Beds are permeable, however, as evidenced by losses 
of circulation fluid during drilling of holes such as DOE-2 and H-3d, and therefore the unit 
remains of interest when considering groundwater-transport pathways in the event of a breach 
of the WIPP facility. Beauheim (1986) reported on unsuccessful attempts to test the lower 
Dewey Lake at DOE-2. The only other Dewey Lake testing attempted on behalf of the 
WIPP project was performed at well H-14. No information was obtained during the drilling 
of H-14 pertaining to the presence or absence of a water table in the Dewey Lake at that 
location. Nevertheless, limited testing of the lower portion of the Dewey Lake Red Beds 
was planned based on the supposition that either a water table did exist in the lower Dewey 
Lake, or sufficient water would have infiltrated into the Dewey Lake during drilling and 
Rustler testing to allow at least qualitative testing. . . . " 

Section 6. DISCUSSION OF RUSTLER FLOW SYSTEM, p. 131; 
The single-well testing discussed in this report has provided significant information on 

the transmissivities and hydraulic-head relations of the five Rustler members. IN particular, 
our knowledge of the distribution of transmissivity within the Culebra dolomite has increased . . 

.., 
considerably. Section 6.1 attempts to explain the distribution of Culebra transmissivity in the ,.~'- , ,. :.<. . 
context of geologic models of halite deposition and dissolution within the Rustler. Section ! i: , . . . 

$'% ,. 
6.2 discusses the hydraulic-head relations among the Rustler members, and their implications f .I: ?. &? :: 
regarding recharge to the Rustler Formation." p, '$<. 9 . .  . , ,: 9. * $& ;. 

'i kl *t .'+ 
x 

-'.I-: */ 

Section 6.1 Culebra Transrnissivity, p. 131 ; 
Mercer (1983) reported values for Culebra transmissivity at 20 locations. The testing 

described in this report has provided values for Culebra transmissivity at 15 new locations, 
and new estimates at 7 locations for which values had previously been reported. Combined 
with other recent work performed at DOE-2 (Beauheim, 1986), H-3 (Beauheim, 1987a), H- 
11 (Saulnier, 1987), and WIPP-13 (Beauheim, 1987b), the WIPP project has tested 38 
locations and the transmissivity values at each provided by this report or those referenced 

-, 
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above. 
Figure 6-2 shows the areas around the WIPP site where halite is present in the non- 

dolomite Rustler members, as indicated by Snyder (1985 and personal communication) and 
Powers (personal communication). According to Snyder, halite was originally deposited in 
the unnamed lower, Tamarisk, and Forty-niner Members of the Rustler over the entire area 
covered by Figure 6-2. The present-day absence of halite from these members reflects the 
eastward progression of a dissolution front. This dissolution front apparently affects the 
uppermost Rustler halite, that in the Forty-niner, first, and works progressively downsection 
to the upper Salado Formation. Thus, the eastward extent of the Forty-niner dissolution 
front is greater than that of the Tamarisk dissolution front, which is in turn greater than the 
eastward extent of the dissolution front in the unnamed lower member (Figure 6-2). 
Dissolution of the upper Salado follows dissolution of halite from the unnamed lower 
member of the Rustler. Lagging behind the dissolution front in each member is a second 
front where anhydrite is being hydrated to gypsum. In Snyder's view, as halite is removed 
beneath the Rustler dolomites, the dolomites subside and fracture. Similar subsidence and 
fracturing may affect the anhydrites, allowing more groundwater flow through them which 
may effect their hydration to gypsum. Note that the areas shown on Figure 6-2 indicate that 
only some halite is present in the appropriate members, not that the full thicknesses 
originally deposited are present. For example, Snyder (1985) states that only about half of 
the halite originally present in the unnamed lower member at WIPP-21 is there today. - Alternatively, Holt and Powers (1988) believe that the different amounts of halite seen 
in the Rustler members at the WIPP site more likely represent original depositional 
differences and/or syndepositional dissolution that later progressive dissolution. They relate 
fracturing to stress relief caused by unloading of the Rustler, citing a preponderance of 
horizontal (as opposed to vertical) fractures within the Rustler as evidence. According to 
their hypothesis, fracturing would be expected to become less pronounced eastward as the 
depth of burial of the Rustler increases. Holt and Powers (1988) also do not believe that all 
of the gypsum present in the Rustler is related to the hydration of anhydrite, but that it is 
instead primary, pointing to the preservation of primary sedimentary structures as evidence. 
Hold and Powers do find evidence for late-stage dissolution of halite from the upper Salado 
in Nash Draw, however, and relate disruption of the overlying Rustler to this dissolution. 

As can be seen on Figure 6-2, the highest values of Culebra transmissivity are found 
in areas in or close to Nash Draw where no halite is present in the Rustler. At DOE-2 and 
WIPP-13, which are very close to the boundary west of which no halite is present in the 
unnamed lower member, the transmissivity of the Culebra is also relatively high. Relatively 
high transmissivities are also found, however, ate DOE-1 and H-11, where little or no halite 
is missing beneath the Culebra. WIPP-30, on the other hand, lies in an area of no Rustler 
halite, and yet the transmissivity of the Culebra is low at that location. Neither Snyder's 
(1985) nor Holt and Powers' (1988) model of halite deposition and dissolution can adequately 
explain the entire transmissivity distribution observed around the WIPP site. 

If the absence of halite in the unnamed lower member is caused by dissolution and if 
this dissolution causes fracturing of the Culebra as Snyder (1985) suggests, then the high 
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transmissivities shown in the area of no halite on Figure 6-2 would be expected. Further, the 
high transmissivities at DOE-2 and WIPP-13 could be explained as the result of partial 
dissolution of halite from the unnamed lower member. The lower transmissivity at WIPP- 
30, however, cannot be explained by this hypothesis, nor can the low transmissivities at H-14 
and P-15, which are closer to the no-halite boundary than is H-18. The relatively high 
transmissivities at DOE-1 and H-11 also cannot be related to dissolution of underlying halite. 

Holt and Powers' (1988) model could predict the high transmissivities in Nash Draw 
by relating them to dissolution of the upper Salado. Their model further states that no 
Rustler halite was deposited and no dissolution of the Salado has occurred at WIPP-30, thus 
explaining the low Culebra transmissivity at that location. If their argument that fracturing is 
related to unloading is correct, then a correlation between the present-day depth of burial of 
the Culebra and the transmissivity of the Culebra might be expected to exist. Preliminary 
evaluation by Holt (personal communication) indicates that some correlation between depth of 
burial and Culebra transmissivity is evident, but that the correlation is not perfect. For 
example, despite the fact that the Culebra is approximately 200 ft shallower at WIPP-30 than 
at DOE-2, the Culebra transmissivity is over two orders of magnitude lower at WIPP-30 than 
at DOE-2. Other, as yet undefined, factors may be as important as depth of burial in 
controlling the transmissivity of the Culebra. The Holt and Powers (1988) model also fails 
to explain the relatively high transmissivities at DOE-1 and H-11. 

Clearly, neither of the geologic models cited above provides a complete understanding 
of the distribution of transmissivity within the Culebra. The two models need not be - 
considered completely mutually exclusive, however, and as discussed above, elements of 
both models provide reasonable explanations of features observed in the Culebra. 
Nondeposition (or syndepositional dissolution) of halite may have been more widespread than 
believed by Snyder (1985), and late-stage dissolution may have occurred more than is 
believed by Holt and Powers (1988). The most significant problem area is in the vicinity of 
DOE-1 and H-11, where relatively high transmissivities would not be expected based on 
either model. 

One additional observation that can be made from consideration of Figure 6-2 is that 
all measurements of Culebra transmissivity greater than 1 ftZlday coincide with areas having 
no halite in the Tamarisk. The simple dissolution of Tamarisk halite would not seem likely i 

to affect the transmissivity of the Culebra. The lack of high Culebra transmissivity 
evervwhere that halite has been removed from the Tamarisk further argues against a direct 
relationship between Culebra transmissivity and Tamarisk halite. Nevertheless, absence of 
Tamarisk halite appears to be a necessary, but not sufficient, condition for high Culebra 
transmissivity. Perhaps the removal of Tamarisk halite makes possible a second process that 
directly affects the transmissivity of the Culebra." 

p. 137, col. 2, line 7; 
. . . Attempts to collect representative data on the formation pressure of the Tamarisk 

have failed to date, but recent data from DOE-2, H-14, and H-16 support Mercer's 
observation of downward hydraulic gradients from the Magenta to the Culebra at the WIPP 
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site. Together these observations imply that the Culebra, the most transmissive member of 
the Rustler, acts as a drain on the overlying and underlying Rustler" 

p 138, col 2, para 1; 
The unnamed lower member of the Rustler Formation was tested only in well H-16, 

where DST's were performed on the lower siltstone portion of the unit. The transmissivity 
of the siltstone is about 2.4 x 104ftz/day (Table 5-2). . . ." 

p 138, col 2, para 3; 
The claystone portion of the Tamarisk member of the Rustler Formation was tested in 

wells H-14 and H-16. At H-14, the pressure in the claystone failed to stabilize in three days 
of shut-in testing, leading to the conclusion that the transmissivity of the claystone is too low 
to measure in tests performed on the time scale of days. Similar behavior at H-16 led to the 
abandonment of testing at that location as well." 

Section 7. SUMMARY AND CONCLUSIONS, p 139, col 1, para 3; 
The Forty-niner Member of the Rustler Formation was also tested in wells H-14 and 

H-16. Two portions of the Forty-niner were tested in H-14: the medial claystone and the 
upper anhydrite. DST's and a rising-head slug test were performed on the claystone. The 
transmissivity of the claystone is about 7 x 10-zft2/day (table 5-2). A prolonged buildup test - performed on the Forty-niner anhydrite revealed a transmissivity too low to measure on a 
time scale of days. A pulse test, DST's, and a rising-head plug test were performed on the 
Forty-niner clay at H-16, indicating the clay has a transmissivity of about 5 x 104ft2/day 
(Table 5-2). Formation pressures estimated for the Forty-niner at H-14 and H-16 are lower 
than those calculated for the Magenta (compensated for the elevation differences), indicating 
that water cannot be moving downwards from the Forty-niner to the Magenta at these 
locations. " 
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rre 5-87. H-14jMagenta Second Buildup Dimensionless Homer Plot with INTERPRET Simulation 
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Butcher, B.M., Thompson, T. W., VanBuskirk, R.G., and Patti, N.C. 1991. Mechanical 
Compaction of Waste Isolation Pilot Plant Simulated Waste. SAND90-1206. Sandia 
National Laboratories, Albuquerque, NM. WPO 23968. 

ABSTRACT, p i; 
The investigation described in this report acquired experimental information about 

how materials simulating transuranic (TRU) waste compact under axial compressive stress, 
and used these data to define a model for use in the Waste Isolation Pilot Plant (WIPP) 
disposal room analyses. The first step was to determine compaction curves for various 
simulant materials characteristic of TRU waste. Stress-volume compaction curves for 
various combinations of these materials were then derived to represent the combustible, 
metallic, and sludge waste categories. Prediction of compaction response in this manner is 
considered essential for the WIPP program because of the difficulties inherent in workimg 
with real (radioactive) waste. 

Next, full-sized 55-gallon drums of simulated combustible, metallic, and sludge waste 
were axially compacted. These results provided data that can be directly applied to room 
consolidation and data for comparison with the predictions obtained in Part I of the 
investigation. Good agreement was obtained between prediction and test results. 

Finally, compaction curves, which represent the combustible, metallic, and sludge 
waste categories, were determined, and a curve for the averaged waste inventory of the 
entire repository was derived. The results for axial compaction of combustible and metallic 
waste were found to be consistent with the assumptions used to estimate the final mechanical 
state of a typical disposal room, initially made as supporting information for the Draft 
Supplemental Environmental Impact Statement for WIPP." 

Section 3.0 DRUM COMPACTION MEASUREMENTS, 3.1 Objectives. p 49; 
The objective of the second part of the testing program was to acquire collapse data 

for drums filled with different materials. These full-scale loading tests were conducted on 
single drums of waste by crushing them along their axis of symmetry with no restriction on 
lateral expansion. Loading continued until an axial stress of 13.8 MPa was exceeded. DOT- 
17C, 55-gallon drums with standard 90 mil polyethylene liners were used in all tests. 

An empty drum was tested first for baseline information and to check out the 
mechanical systems and quality-assurance procedures. Next, a total of 10 waste-filled drums 
representing of combustible, metallic, and sludge waste were compacted. No lateral restraint 
was placed on the drums during the tests. Data acquired during compaction usually consisted 
of the force exerted on the top of the dmm and its height. 

A special feature of the tests incorporated both photographic and VCR coverage at 
prescribed time intervals to determine approximate dmm volumes. Collapse was expected to 
be nonuniform, but only the sludge drums showed evidence of extensive bulging. Both the 
combustible and metallic waste drums were observed to compact uniformly with little 
indication of lateral deformation. Bulging was probably slight because tensile hoop stresses 
within the walls of the drums were sufficient to restrict any lateral movement of the waste." 
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Section 3.3.2 RING FORMATION IN THE DRUMS DURING COLLAPSE, p 52, para 2; 
The last information needed for drum collapse predictions was the way that the drums 

collapse during the tests. Cross-sections of the drums showed that they collapsed uniformly 
and independently of the drum contents, at least during the early parts of the tests, and 
formed crushed rings around the waste.' Because the drum appeared to crush straight down, 
without significant change in diameter, the assumption was made for data reduction purposes 
that a constant cross-section could be assumed in calculating d m  densities. 

To test this assumption, two test were performed by filling the voids in the filled 
waste drum with water before compaction. During the crush down, the water was allowed to 
move through tubing to another drum where the volume was measured to define the height 
versus volume of the waste relationship. These tests indicated that throughout most (about 
213) of the crush down, the constant cross-section assumption was reasonable. For about the 
f i s t  half of the crush down, the cross-section was less than original, suggesting that the drum 
folded inward. Later, the volume reduction was less than assumed, showing that the drum 
was starting to bulge outward as compaction continued. The tendency of the curve of water- 
out versus d m  height to reach a limit suggested that water would have eventually stopped 
coming out of the drum. This point was never reached in our tests; leaks either in the seal 
or the lid of the drum required an end to the water-collection portion of the test. 

In contrast to the tests on simulated combustible and metallic waste, ring formation 
was not obvious during collapse of the sludge drums because both their total amount of -. 
collapse and the compressibility of the material was less. Compaction of the waste caused 
the drums to bulge outward slightly at the center, stretching the steel drums circumferentially 
and eventually causing them to break open at the seam, at which point some of the material 
near the seam would extrude from the drum and the tops of the drums would tilt downward 
towards the seam opening. However, the assumption was made, in reducing the sludge drum 
collapse data, that the drum crushed straight down without change in diameter. Therefore, 
the reduced data is truly representative of the early portions of the tests when bulging was 
minimal. The stress required to cause additional collapse rose so rapidly during the latter 

(--.> !, part of the test, however, that the constant cross-section assumption was probably adequate . 
@ 662 '.. 

as a first approximation during the later portions of the tests." 
l$ , l , .:G '< i$ :::~ / 
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'Buckling patterns appearing along 'rolls' (strengthening hoops) in the drum were sinusoidal 
in shape, with five full sine waves at each roll. The sine wave pattern stayed stationary but 
grew in amplitude as the drum collapsed. After the pattern 'matured,' at a first ridge (generally 
the center of the drum), a second sinusoidal pattern would start at a second location on the drum 
(usually the bottom of the drum). The sine wave would contain five full waves as before, and 
the wave pattern would be a simple vertical translation from the wave pattern developed before. 
The third wave pattern would form like the second, at still another location on the drum. - 
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4.1 Method of Analysis; 
A composite compaction curve for the entire repository will be defined in this section. 

This calculation proceeds in the same manner as for the composite compaction curves 
(Section 2.3.4), but what should be a simple procedure becomes more uncertain when the 
data for the inventory of CH-TRU waste from the most current references are examined. The 
basic problem is that the inventory data from DOEIRW-0006, Rev 4, (1988), and Drez and 
James-Lipponer (1989), summarized in Table 4-1, are difficult to correlate. The first source 
reports only volume data, whereas the second source quotes only weight data and is 
incomplete. 

4.2 Repository Inventory 

4.2.1 METALS INVENTORY 

Definition of how much waste will eventually be stored in the repository (Table 4-1) started 
with metal waste. Metal and glass waste, according to Drez and James-Lipponer (1989), is 
composed of 2% by weight tantalum, 68% iron and steel, 17% lead (an upper bound), 4% 
Copper, and 9% aluminum. Using the theoretical solid densities listed in Table 2-2, and 
assuming that: (1) the weight assigned to leaded gloves in Drez's inventory was assumed to 
be entirely due to the lead, and (2) waste in the form of paint cans was were added to the 
total weight of iron and steel waste, although the paint cans probably are filled with 
stabilized sludge, this mixture is estimated to have a theoretical solid density of 7110 kg/m3. 

The total amount of steel waste reported by Drez also requires some adjustment 
because sometimes the weights of the containers were included in the totals for metallic 
waste given by INEL and the Los Alamos National Laboratory (LANL), and sometimes they 
were not separated out. Although Drez did not attempt to adjust his summary of results for 
this inconsistency, it was required for estimation of repository-wide averages, and was 
accomplished by estimating the volumes of INEL and LANL waste, finding the number of 
equivalent %-gallon drums the volumes represented, and using this information to estimate 
the total weight of the containers. This procedure is a poor substitute for actual information, 
but it represents the best estimate that is possible at present. Thus, the estimates in this report 
that depend upon the separation of the total weight of the metal containers from the total 
weights of the waste categories must be redone as soon as more definitive information 
becomes available. 

-. 
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TABLE 4-1. TRU WASTE INVENTORY ANALYSIS 

Weight Volume Volume Weight of Total Weight 
kQ m3 Fraction' Container Plastic W d  Welght Fraction 

steel. kg liners & contain- kg 
bags, kg ers 

Metals 7,330,000 
Glass 1,120.000 .. ----- 
Metal/Glass 8,450,000 

Combustibles 8,590,000 
Sludge 20.300.0002 
Steel CoNainers 11,000,000 
Polyethylene Liners 7,550,000 
PVC liners, bags 31 0,000 
Woad/Fiberboard 1,490,000 

..- 

51,700,000 

1. Values of the volume fraction were computed assuming the volume of the "other" category of waste to be 
proportionally distributed among the three major categories of waste. 

2. Estimated value. 

In the absence of any better information, the total weight of the INEL and LANL containers 
was estimated to be 7,350,000 kg, reducing the total weight of steel waste from the value of 
9,170,000 kg quoted by Drez to 1,820,000 kg. The weight of iron in the Drez inventory 
remained unchanged at 2,620,000 kg. The total weight of metals in the inventory was 
7,330,000 kg, and the weight of glass was estimated to be 1,120,000 kg. 

A comparison of the new metallic waste inventory values by Drez with previous estimates by 
Clements and Kudera (1985) is also of interest. Clements and Kudera's study determined that 
the metals inventory was 4% tantalum, 64% steel, 7% lead, and 25% other metals such as 
aluminum and copper, by weight, with an average solid density of 6650 kg/m3. The principal 
difference between the two compilations is that there is a greater amount of lead, and less 
aluminum and copper in the Drez inventory. 

4.2.2 COMBUSTIBLES INVENTORY 

For combustible waste, Drez reported that the total weight of cellulosics was 4,350,000 kg, 
the weight of plastics was 4,180,000 kg, and other combustibles were present in the amount 
of 60,500 kg. In the absence of additional information, we will assume that the cellulosics 
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are composed of about 60% wood and paper and 40% cloth (Butcher, 1989), with a solid 
density of 1100 kg/m3 estimated from the densities quoted in Table 2-2. The category of 
"other" combustibles" was assumed to be 50% cellulosics and 50% plastics, and a solid 
density of 1200 kg/m3 was assumed for plastics. 

4.2.3 SLUDGE INVENTORY 

The total weight of the sludges in the waste was not available at the time this report was 
prepared, nor was information available for estimating its solid density. Therefore, the 

@ 
weights of the sludge drum contents, estimated by Butcher (1989), from Clements and 
Kudera's (1985) data, were used to define the total weight of the sludge. These values were 
170 kg for uncemented inorganic sludge, with an estimated solid density of 1330 kg/m3 and 
188 kg with an estimated solid density of 1480 kg/m3 for uncemented organic sludge. For 
comparison, the mixture of water, quartz sand, and Portland cement for the tests used to 
simulate sludge in this investigation was estimated to have a no-void density of 2200 kg/m3. 
The sand-cement mixture was relatively unsaturated, however, and addition of water could 
have easily reduced its no-void density to the order of the densities computed for the 
Clements and Kudera results. 

For an estimate of the total weight of sludges, the assumption was made that an average 
-. drum of sludge weighs approximately 180 kg. To obtain the number of equivalent drums of 

sludge-like material, the volumes of adsorbed liquids and sludges, concreted or cemented 
sludges, and dirt, gravel or asphalt categories, listed in Table 4-1, were added together. This 
sum, 23,700 m3 was divided by 0.21 m3, the volume of an average 55-gallon drum, and the 
result multiplied by 180 kg to arrive at 20,300,000 kg for the total weight of sludge. 

4.2.4 CONTAINER MATERIALS 

The total weights of the steel in the containers, the plastic liners, and the wood/plywood 
boxes were determined by Drez to be 11,000,000 kg of steel containers, 1,550,000 kg of 
polyethylene rigid liners, 1,490,000 kg of fiberboard liners or wood/plywood boxes, and 
310,000 kg of PVC liners and bags. 

.4.2.5 INVENTORY DISCREPANCIES 

Discrepancies in the inventory data are best illustrated by using the weights and volumes 
given in Table 4-1 (257,000 equivalent drums assumed), and assuming a drum volume of 
0.21 m3, to determine that the weight of an average drum of metal and glass combustible 
waste is 55.2 kg. Of this amount, the drum itself weighs about 29 kg, with the remaining 26 
kg, or approximately 60 lb the weight of the contents. The computed value of 26 kg appears 
far too low, when compared with the average weight of the contents of INEL metallic waste 
drums of 64.5 kg (142 lb), estimated by Butcher (1989), even when the additional weight of - 
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a liner (approximately 8 kg) is added to the weight of the waste. The computed value for the 
contents of combustible waste drums, using the data in Table 4-1, would also be 26 kg, 
versus 40 kg from the INEL survey. There is also no information from Drez's study for 
determining the average weight of sludge in a typical 55-gallon drum. 

The differences in the weights of single drums of metallic waste obtained, computed from the 
results in Table 4-1 suggest that either the estimated volumes are too large by a factor of 2 or 
the weights are too small by a factor of 2 in Table 4-1. Attempts to reconcile such 
inconsistency are likely to be even more difficult in the future as waste volumes are 
constantly being revised downward because of greater utilization of pre- or supercompaction 
without being specific about how the weight of the waste will change. 

Other methods of estimating the inventory of nonradioactive materials in the waste have been 
explored (Appendix A), because the inventory data is not consistent. The conclusion of this 
study is that the best current estimate is that 0.28 by weight of the inventory will be metallic 
waste, that the weight fraction of combustible waste will be 0.28, and the weight fraction of 
sludges will be 0.44. The initial porosity of the waste in the repository will be 0.79, its 
average theoretical solid density will be 2000 kg/m3, and the average initial density will be 
426 kg/m3. 

4.3 Repository Curves for Axial Drum Compaction - 
For axial compaction, the average compaction curve for the repository is estimated using the 
predicted compaction curves for the three major types of waste. These curves differ slightly 
from the experimental drum collapse curves and include the corrections for creep. The 
method of estimation was as follows: (1) For a given value of the compaction stress, the 
density of each category of waste was obtained; (2) the assumption was made that the weight 
fraction of combustible waste was 0.28, the weight fraction of metallic waste was 0.28, and 
the weight fraction of sludge was 0.44 (c.f. Table 4-1 and Appendix A). Using the simple 
mixture rule (Sections 2.3.2 and 2.3.4), the average compacted density and the average solid 
density of the waste in the repository were then estimated in a similar manner, assuming 
average solid densities of 3440 kg/m3 for metallic waste,l 1310 kg/m3 for combustibles, and 
2370 kg/m3 for sludges (cf. Appendix I). (3) The porosity was then computed from quantity 
(1 - plps), where p is the compacted density at the given stress, and ps is the solid density. 
Results are given in Figure 4-1. The initial density of the waste, derived in Appendix A, is 
426 kg/m3, corresponding to a porosity of 0.787'. 

The following extrapolations of the density curves for combustible and metallic waste were 
used to extend the respective curves in Figure 4-1 beyond lithostatic pressure (14.8 MPa): 

Combustibles: o = 0.392 exp(0.001876 p), cr > 13.8 MPa. 
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Metallic: o = 0.00867 p - 13.55, o > 13.8 MPa. 

Sludge: a = 0.0379 p - 61.0, o > 13.8 MPa 

While curve fitting of the data below these stress limits with simple functions did not provide 
a sufficient correlation to warrant their use for the individual components of waste, the 
average curve for the repository is approximately represented by: 

o = 31.6772 - 118.5117 + 161.80872 - 79.22773, o < 13.8 MPa, 

where o is the stress in MPa and 7 is the porosity. The results, shown in Figure 4-1 and 
Table 3-2, indicate that the average drum would collapse to a minimum porosity of about 
0.186. 

1. For combustible waste, we assume 0.08 weight fraction metal with a solid density of 7110 
kg/m3, 0.52 plastics with a solid density of 1200 kg/m3, 0.32 cellulosics with a solid density 
of 1100 kg/m3, and 0.08 sorbents with a grain density of 3000 kg/m3. For metal waste, we 
assume a composition (waste + drums) of 0.75 weight fraction metal, 0.18 weight fraction 
plastics, 0.02 weight fraction cellulosics, and 0.05 weight fraction sorbents (Portland 
cement). For sludge, we assume 0.134 weight fraction metals, 0.048 plastics, 0.058 

.-. sorbents, and 0.76 sludges. The sludge is assumed to have a solid density of 2200 kg/m3 

2. Although the quality of the data does not warrant it, three significant figures are retained 
here to assure compatibility with an empirical fit of the repository consolidation curve 
defined below. 

Finally, it is useful to compare the results for axial compaction of combustible and metallic 
waste in Table 3-2 with the assumptions for the final mechanical state of a typical disposal 
room made for analyses supporting the Draft Supplemental Environmental Impact Statement 
(DSEIS) (Lappin et al., 1989). The DSEIS assumptions were made prior to the availability of 
any test data. In the DSEIS analyses, the assumption was made that combustible waste would 
compact to a porosity of 0.1 or less. The results of this investigation predict a final porosity 
of 0.137 at 14.8 MPa (Table 3-2) 
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Figure4.1 A comparison between tne predicted compact~on curve for all the waste in the WlPP 
repository and the recommended compaction curves for combustible, metali~c, and 
sirnulaledsludge wastes. 
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For metallic waste, a porosity of 0.4 was assumed for the DSEIS analyses. The results of 
this investigation suggest that metallic waste will compact to the DSEIS porosity estimate of 
0.4. For sludge, a porosity of 0.1 was assumed for the DSEIS, and the results of this 
investigation suggest that sludge waste will compact to 0.113 porosity. However, the 
assumptions of this last porosity were similar to the DSEIS assumptions; therefore, little 
difference should be expected between the two values. 

4.4 Repository Curves for Lateral Compaction of the Waste 

4.4.1 THE INFLUENCE OF SHEAR STRESS ON COMPACTION 

All of the information up to this point in the report has been concerned with the axial stress 
that must be applied to achieve a given state of compaction. The axial stress is def ied as the 
stress along the axis of symmetry of a drum. The axial representations were necessary 
because the simulated wastes were too heterogeneous to permit direct measurement of lateral 
stresses during testing and because of the impossibility of making such measurements during 
d ~ m  collapse. Limiting results to a one-dimensional description, was justified, therefore, 
because either the waste was contained in a rigid die and could not expand, or that little 
lateral expansion of the d ~ m s  occurred during collapse. Shear stresses within the waste 
during drum collapse were believed to be small, because otherwise the outward lateral 

..- stresses exerted by the wastes against the walls of the drums would have exceeded the yield 
stress of the drums, expanding them outward during the tests. The exception was that the 
shear stresses in the simulated sludge material were sufficient to burst the drums. 

Nevertheless, although the assumption that shear stresses could be ignored was convenient 
for data representation, the magnitude of shear stress that when exceeded will produce plastic 
deformation is one of the parameters that must be specified for a general mechanical 
description of the waste. Further, since measurement of shear stresses did not appear 
feasible, the alternative that was selected was to use computational means to determine how 
sensitive the results of closure analysis would be to various assumptions about the deviatoric 
(shear) behavior of the waste. 

To illustrate the approach further, assume that a cylinder of waste with a yield stress 
Y is loaded axisymetrically, under stresses az, u, = u,, with a, > ur the axial stress, and that 
it is plastically deforming. For this state of stress, the mean stress, p, that is considered to 
have the same magniNde as the hydrostatic pressure, is: 

and the yield point is the difference between the axial and lateral stress: 

Yield point Y = a, - 0,. 
-. 
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Therefore: 

and the extremes of possible experimental d ~ m  response are: 

1) If ar = 0; then p = Y/3 = aJ3; Y = oz, 

2) If a, = a,; then p = az; Y = 0." 

4.4.2 CLOSURE OF A ROOM ENTIRELY FILLED WITH WASTE AND 
SALTIBENTONITE BACKFILL 

This reasoning must now be implemented in a full-fledged numerical closure calculation. The 
room configuration selected for the calculations was approximately the same as the design 
configuration of a typical disposal room with the exceptions that a 0.61 m (2 ft) air gap at 
the top of the room was omitted, since its presence occasionally caused numerical stability 
problems. This omission is not likely to influence the results greatly because it simply 
implies that contact of the waste with the surrounding salt begins immediately, rather than - 
after the short time predicted for closure of the 0.61 m (2 ft) gap. Gap closure is estimated to 
occur within less than ten years. Another major assumption was that the room was symmetric 
with regard to both its vertical center line and its horizontal center line (Figure 4-2). The 
calculation has the vertical symmetry plane common to these problems, but use of a 
horizontal symmetly plane differs from past investigations. The assumption of horizontal 
symmetry greatly reduces computer run time, and it is a close enough approximation of the 
actual configuration to justify its use. 

The calculations were estimates of the closure of a room filled with TRU waste and 
salt/bentonite backfill. using the finite-element, finite strain code SANCHO (Stone et al., 
1985). Saltlbentonite backfill was selected because closure times predicted for its 
consolidation are longer than those for pure crushed salt backfill; therefore, variations caused 
by different assumptions about the shear stress in the waste would be more apparent. 

October 17. 1996 

-, 

APPENDIX XRE6 



..- Compliance Certification Application Reference Expansion 

APPENDIX XRE6 XRE641 

Figure 4-2. Plane strain-finite element model of a TRU storage room 
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Two compaction models were considered: (1) a model based on the assumption that the 
confining stress during laboratory compaction tests on the various waste types was zero (ur 
= O), and (2) a model based on the assumption that the c o n f i g  stress in the compaction 
tests was equal to the applied stress (ur = a). These assumptions represent the bounds of 
waste response as reflected by the magnitudes of the shear stresses that might be generated 
during consolidation. Assumption (1) represents a material that can support large shearing 
stresses, and assumption (2) represents a more fluid-like response, with essential no shear 
stresses developing during consolidation. 

The results of the calculations, in Figure 4-3, show little difference between the closure 
history computed using a maximum possible value for the shear stress in the waste and the 
history for fluid-like response (the shear stress in this calculation was simply made very 
small) (Weatherby, personal communication 1991). Void fraction is plotted in this figure 
because, being equivalent to porosity (as discussed further in Foomote 2) it is the parameter 
most closely related to the permeability of the room contents. The conclusion from these 
results is that the closure histories are not very sensitive to the exact value of shear stress 
selected for the waste; therefore, a precise definition of this parameter is not needed. This 
observation also supports the original hypothesis of this investigation that a one-dimensional 
description would prove beneficial in describing waste compaction. 

4.4.3 LATERAL COMPACTION OF DRUMS 

In reality, lateral compaction curves for the waste are expected to lie somewhere between the 
limits of Y = az, and Y = 0, defined in Section 4.4.1. Further, in the sense that (1) axial 
drum compaction also does not appear to be sensitive to the details of how the drums 
collapse; and (2) lateral drum collapse is expected to exhibit even less buckling than axial 
collapse, the exact way that the drums collapse laterally is expected to have little effect on 
compaction of the waste. Some secondary effects will exist at the ends of the drums because 
of buckling of the lids, but the creation of collapse rings, such as those observed in the axial 
drum collapse tests, are considered unlikely. In the absence of information about the 
magnitude of the shear stresses within the waste, but with the likelihood that they will be 
small, the recommendation is made that shear stresses be neglected. 
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Figure 4-3. Predicted average void fraclion-time history for waste in a room filled with TRU waste and 
70% salt/30°& bentonite backfill. 
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The reader is cautioned, however, that predictions of how drums collapse laterally within the 
repository are not nearly as straight forward as for axial collapse. In the axial collapse mode, 
lateral expansion of the drums is minimal and little or no intrusion into spaces between 
drums occurs. On the other hand, lateral collapse of the drums is likely to involve 
considerable alteration of their shapes, depending upon where they are located within the 
room, and the extent of this shape change will depend upon the nature of the material 
between them. However, refinement of models to account for this type of detail during 
consolidation would cause changes in how the waste initially consolidates, but probably not 
have much effect on the f m l  end point (at lithostatic pressure). Such analyses are presently 
beyond the capabilities of numerical closure analyses, and it is not clear whether such detail, 
even if it could be incorporated in the codes, would have much additional impact on 
performance assessment. 
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Christian-Frear, G.L., and Webb, S.W. 1996. The Effect of Explicit Representation of the 
Stratigraphy on Brine and Gas Flow at the Waste Isolation Pilot Plant. SAND94-3173. 
Sandia National Laboratories, Albuquerque, NM. 

ABSTRACT; 
Stratigraphic units of the Salado Formation at the Waste Isolation Pilot Plant (WIPP) 

disposal room horizon includes various layers of halite, polyhalitic halite, argillaceous halite, 
clay, and anhydrite. Current models, including those used in the WIPP Performance 
Assessment calculations, employ a "composite stratigraphy" approach in modeling. This 
study was initiated to evaluate the impact that an explicit representation of detailed 
stratigraphy around the repository may have on fluid flow compared to the simplified 
"composite stratigraphy" models currently employed. Sensitivity of model results to intrinsic 
permeability anisotropy, interbed fracturing, two-phase characteristic curves, and gas- 
generation rates were studied. The results of this study indicate that explicit representation 
of the stratigraphy maintains higher pressures and does not allow as much fluid to leave the 
disposal room as compared to the "composite stratigraphy" approach. However, the 
differences are relatively small. Gas migration distances are also different between the two 
approaches. However, for the two cases in which explicit layering results were considerably 
different than the composite model (anisotropic and vapor-limited), the gas-migration 
distances for both models were negligible. For the cases in which gas migration distances 

,- were considerable, van GenuchtenIParker and interbed fracture, the differences between the 
two models were fairIy significant. Overall, this study suggests that explicit representation of 
the stratigraphy in the WIPP PA models is not required for the parameter variations modeled 
if "global quantities" (e.g., disposal room pressures, net brine and gas flux into and out of 
disposal rooms) are the only concern." 

- 
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Corbet, T.F. and Knupp, P.M. 1996 The Role of Regional Groundwater Flow in the 
Hydrogeology of the Culebra Member of the Rustler Formation at the Waste Isolation Pilot 
Plant (WIPP), Southeastern New Mexico. SAND96-2133. Albuquerque, NM: Sandia 
National Laboratories. 

p. i, para. 1; 
1. INTRODUCTION; p. 1, para. 1; 

This report summarizes a study in which numerical simulation is used to enhance 
conceptual understanding of the hydrogeology of the Culebra Dolomite in the context of 
groundwater flow on a regional scale in the vicinity of the Waste Isolation Pilot Plant 
(WIPP). The WIPP is a potential repository for defense-generated transuranic wastes. The 
Culebra Dolomite is a member of the Permian age Rustler Formation, a sequence of 
predominantly evaporate deposits that overlie the Salado Formation. The Salado is a thick 
bedded salt of Permian age that contains the WIPP and provides the primary containment for 
the repository. The groundwater flow system in the overlying Permian and Triassic deposits 
forms a secondary barrier to releases from the repository in the even of a breach of the 
primary containment. Consequently, an important requirement of the performance 
assessment of the repository is to characterize long-term groundwater flow in the shallow 
system. We consider the possibility that patterns of groundwater flow in the shallow system 
change over thousands of years in response to change climate. Although groundwater flow is 
simulated in all of the strata above the Salado, this report focuses primarily on flow in the 
Culebra Dolomite because it is thought to be the most likely pathway for lateral migration of 
radionuclides to the accessible environment. " 

p. 3, para. 2; 
We developed a new numerical code called SECOFL3D, to perform the simulations. 

The algorithm implements a rigorous treatment of the free-surface and seepage-face boundary 
conditions (Bear and Venuijt, 1987; Dagan, 1989; de Marsily, 1986) and is designed to be 
robust even if extremely large contrasts in hydraulic conductivity are present within the 
model domain. A moving mesh that adaptively deforms so that its upper surface conforms to 
the moving water table is used to ensure that the entire computational domain remains 
saturated. 

Lateral boundaries of groundwater basins are sub-vertical flow divides that typically 
coincide with depressions and highs on the land surface. Flow over a region much larger 
than the WIPP site (Figure 1-1) was simulated in order to have the model boundary coincide 
with topographic features that are likely to act as groundwater divides over a range of 
climatic conditions. A series of steady-state simulations was performed to examine the 
sensitivity of simulation results to assumed values for hydraulic conductivity and recharge 
rate. Transient simulations provided insight into how patterns of groundwater flow respond 
to long-term changes in climate. These simulations covered the time period from late in the 
Pleistocene (14,000 years ago) to 10,000 years in the future. 

The simulations results suggest that patterns of groundwater flow in the Culebra in the 
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vicinity of the WIPP are influenced by the hydrology of the entire groundwater basin. Flow 
rates and directions depend on the position of the water table and heterogeneity in hydraulic 
conductivity at the basin-scale. Groundwater flow changes with time due to interaction 
among recharge, movement of the water table, and topography of the land surface." 

p. 5 ,  para. 2; 
The simulations also provide information about how flow in the Culebra in the 

vicinity of the WIPP is coupled with flow in adjacent strata. Vertical leakage across the top 
of the Culebra is directed downward. The amount of vertical leakage into the Culebra 
cannot be estimated with confidence because the vertical conductivity of the confining units is 
not well constrained. Vertical leakage may contribute as little as 5% or more than 50% of 
the total inflow to the portion of the Culebra that lies within the WIPP-site boundary. All of 
the outflow from this portion of the Culebra is lateral flow. Therefore, contaminants 
introduced into the Culebra will travel toward the accessible environment along the Culebra 
rather than by migrating upward or downward into other units." 

p. 103, para. 4; 
We performed mass balances over the reference volumes (defined in the introduction 

to Section 3) of the more conductive layers. This was accomplished by summing the flow 
across each face of the reference volumes in order to calculate total flow through each 
reference volume, as well as the proportions of lateral and vertical inflow and outflow from 
the reference volumes. " 

p. 105, para. 1; 
Figures such as 3-46, 3-47, and 3-48 mass balances provide a clear overview of the 

mass balance but are difficult to interpret quantitatively. To complement these figures, we 
have included tables in Appendix D that summarize the mass balance data at two simulated 
times: at the present time (zero years) and at 10,000 years into the future. The total inflow 
to the Dewey LakeITriassic rocks, Magenta, and Culebra reference volumes at the simulated 
present time are 5015, 784, and 2100 cubic meters per year (base case in Table D-1). The 
inflow rates for these units at 10,000 years are somewhat larger: 16738, 1736, and 3354 
cubic meters per year (base case in Table D-4). These numbers show that, in this 
simulation, most of the flow occurs in the Dewey LakeITriassic rocks and that more flow 
occurs in the Culebra than the Magenta. " 

p. 106, para. 1; 
Table D-2 gives the total flow across the upper surface, lower surface, and sides as a 

percentage of the total flow through the reference volume at zero years simulation time. For 
the base-case simulation, 42% of the inflow to the Dewey LakeITriassic reference volume is 
from groundwater recharge (i.e., 42% of the inflow to the Dewey LakeITriassic rocks is 
across the top). Zero percent of the inflow to the Dewey LakeITriassic is from upward 
vertical leakage. In fact, an important aspect of all of the transient simulations performed for 

APPENDIX XRE6 XRE6-47 October 17, 1996 



Compliance Certification Application Reference Expansion - 
this study is that the vertical flow components are directed downward in all layers within the 
vicinity of the WIPP site. 98% of the inflow to the Magenta reference volume is vertical 
leakage from the Dewey LakeITriassic and 30% of the inflow to the Culebra is leakage from 
the Magenta. All of the outflow from the Culebra reference volume is by lateral flow. 
Table D-5 provides the same information at 10,000 years." 

p. 139, para. 2; 
Within the region of intact strata, the contrast in hydraulic conductivities plays an 

important role in determining flow patterns. The Dewey Lake and Triassic rocks are more 
permeable than the anhydrites at the top of the Rustler Formation. Consequently most of the 
water that recharges the groundwater basin flows only in these rocks above the Rustler. The 
rest leaks vertically through the upper anhydrites and is available for flow through the rest of 
the Rustler. Differences in hydraulic head along the base of the Dewey Lake provide the 
driving force for flow in the Rustler. 

Groundwater flow in the Rustler Formation is characterized by very slow vertical 
leakage through confining units and faster lateral flow in conductive units. Specific 
discharges (flow rates per unit area) in the Culebra are 2 to 3 orders of magnitude greater 
than the vertical specific discharges across the top of the Culebra. However, vertical leakage 
can contribute a significant portion of the total inflow to portions of the Culebra that are 
extensive enough that the upper surface is very much larger than the area available for lateral 
flow. " 

p. 141, para. 4; 
These simulations suggest that, in the vicinity of the WIPP site, vertical flow across 

the top of the Culebra is directed downward. The amount of vertical leakage into Culebra at 
this site cannot be estimated with confidence. It contributes a small portion of the total 
inflow to the Culebra reference volume, perhaps 5 % to lo%,  if the vertical conductivity of 
the confining units is 1 x m/s or less. However vertical leakage may contribute more 
than 50% of the total inflow if the conductivity is an order of magnitude larger. 

A robust implication of these simulations is that nearly all (greater than 90% in all 
simulations) outflow from the Culebra reference volume is by lateral flow. Therefore, 
contaminants introduced into the Culebra will travel toward the accessable environment 
withii the Culebra rather than by leakiig upward or downward into other units. This result 
provides confidence that a flow and transport model that assumes that flow occurs only in the 
Culebra would include the appropriate release pathways." 
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Cranwell, R.M., Guzowski, R.V., Campbell, J.E., and Ortiz, N.R. 1990. Risk 
Methodology for Geologic Disposal of Radioactive Waste, Scenario Selection Procedure. 
NUREGICR-1667, SANDSO-1429, Sandia National Laboratories, Albuquerque, NM. WPO 
26750. 

ABSTRACT, p iii; 
This report contains the description of a procedure for identifying and screening those 

events, features and processes, both natural and human induced, felt to be important to the 
isolation of radioactive wastes in deep geologic formations. In this report, the term 
'scenario' is used to represent a sequence of these events, features and processes. The 
scenario selection and screening procedure discussed in this report is demonstrated by 
applying it to the analysis of a hypothetical waste disposal site containing a bedded salt 
formation as the host medium for the underground facility (repository). A final set of 12 
scenarios is selected for this hypothetical site. Detailed risk calculations will be performed 
on these 12 scenarios in a later report." 

PROCEDURE FOR SCENARIO SELECTION, P. 5; 
"2.1 Identification of Events and Processes 

The first step in any scenario selection procedure should be the identification of a 
comprehensive set of events and processes, both natural and human-induced, believed to be 
important to the disruption of the isolation of radioactive waste at the site being considered. 
This identification would generally be accomplished through discussions among persons 
knowledgeable in the areas of earth science and waste-management analyses. The use of 
knowledgeable and experienced individuals helps ensure that potentially important scenarios 
are not overlooked. For the demonstration of the Performance Assessment Methodology, a 
panel of knowledgeable earth scientists was convened for the purpose of identifying those 
events and processes considered to be important to the disruption of the isolation of 
radioactive waste in bedded salt (see Section 3.3, Table 2). 

2.2 Classification of Events and Processes 

The classification of events and processes provides a logical aid to help ensure that important 
scenarios will not be overlooked. The initial list of phenomena (see Table 2) was classified 
into the categories of natural, human-induced, and waste- and repository-induced. This 
classification was based on the origin and physical characteristics of these phenomena. A 
procedure for further classification is presented below. In addition to addressing the question 
of completeness, this classification also provides the organization needed to begin developing 
and analyzing scenarios. 

Events and processes will also be classified based upon the manner by which they influence 
the disposal system consisting of the repository and the surrounding geology. Those - 
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phenomena in the near vicinity of the repository, whose major effect is to influence the 
release and movement of radionuclides from the waste packages and engineered barrier 
system to a nearby aquifer or directly to the land surface, will be referred to as release 
phenomena. Similarly, those phenomena in the far field whose major effect is to influence 
the transport of radionuclides in ground water will be referred to as transport phenomena. 

The distinction between those events and processes included as release phenomena and those 
included as transport phenomena is not always obvious. For example, faulting may be 
classified as either a release or transport phenomenon, depending on the proximity to the 
site. If the fault should pass through or very near the repository, its primary effect would be 
to influence the release and movement of radionuclides from the repository to a nearby 
aquifer. In this case, the fault would be classified as a release phenomenon. On the other 
hand, if the fault should occur at some distance away from the repository so that its primary 
effect is to influence the transport of radionuclides in ground water, then it would be 
classified as a transport phenomenon. Regardless of its classification, a given event or 
process may influence both radionuclide release and transport, depending on its effect on the 
site hydrology. Despite the seemingly arbitrary division of phenomena into release and 
transport categories, the reasons for this division become more apparent when the one 
considers the complex thermal, mechanical, geochemical and hydraulic analyses that may be 
required for near-field (release) phenomena analysis compared to the more straightforward 
flow and transport analyses required for far-field (transport) phenomena analysis. 

While only two classification schemes are used in this example, additional classifications are 
helpful in developing a comprehensive list of phenomena. 

2.3 Screening of Events and Processes 

Many of the events and processes from the initial list considered for a potential disposal site 
can be eliminated based on firm and well-defined screening criteria. A screening of these 
events and processes is not only desirable but also essential if one considers the thousands of 
scenarios that could be defined by taking specific combinations of these phenomena. 

Initial screening criteria should consist of the following: 

1. Physical reasonableness of the events and processes being considered. 

2. Probability of significant release of radionuclides from these events and processes. 

3.  Potential consequences associated with the occurrence of these events and processes. 

Phvsical Reasonableness. Events and processes whose occurrence is impossible due to the 
physical and chemical characteristics of the waste and characteristics of the engineered 

October 17, 1996 XRE6-50 APPENDIX XRE6 



A Compliance Certification Application Reference Expansion 

facility or geologic site can be eliminated by this screening criterion. Some examples of 
phenomena that could be eliminated based on the test of physical reasonableness are 

A nuclear explosion in an underground facility designed to prevent criticality. 

Formation of dissolution cavities in crystalline rock. 

Tsunamis for a repository far removed from coastal regions. 

Clearly, the elimination of phenomena due to this criterion would be largely site specific. 
Therefore, this step in the screening process should be repeated for each repository site. 

Probability. Events and processes with very "small" probability can generally be rejected. 
The specification of "small" should be the responsibility of the regulator or the applicant and 
should be consistent with the appropriate regulations. Once a value has been selected, 
judgmental decisions will undoubtedly still have to be made as many probabilities associated 
with various phenomena will have large uncertainties. The value selected in the 
demonstration analysis of this report was 10-8/yr . 

In several safety studies, numerical probability criteria have been used to reject scenarios. 
-. For example, WASH-1400 [U.S. Nuclear Regulatory Commission, 19751 uses a limit of 10- 

9/yr to reject accident sequences. Other references [Griesmeyer and Okrent, 19811 suggest 
larger numbers (e.g., 10-7iyr). The U.S. Environmental Protection Agency (EPA) [U.S. 
Environmental Protection Agency, 19851 suggests that categories of events and processes 
with probability of occurrence smaller than 10-8/yr can be ignored. 

Conseauence. As used in this report, "consequence" can have different interpretations, 
depending upon the stage of the screening process. For example, in the earlier stages of the 
screening process, "consequence" generally refers to the effects that a certain event or 
process might have on the natural properties of the site (e.g., hydraulic head distribution). 
Thus, only flow and possibly thermornechanical analyses are needed at this point. In the 
screening of scenarios, "consequence" generally refers to the amount of radionuclides being 
discharged to the environment and the health effects associated with these discharges. Thus, 
radionuclide transport and health effects calculations are needed at this point. The reason for 
this breakdown is that in the early stages of the screening process, detailed transport and 
health effects calculations should be avoided because of the higher computer and man-power 
costs associated with these efforts. The total scenarios should be reduced to a reasonable 
number before undertaking detailed risk calculations. 

At any rate, screening based on consequence can occur in several ways. For example, events 
and processes having similar consequences (e.g., effects on hydraulic head) could 
conceivably be grouped together provided the probabilities of these phenomena are - 
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appropriately combined. Also, events and processes with insignificant consequences (e.g., no 
apparent effect on hydraulic head) could be eliminated. However, before eliminating 
phenomena based on insignificant consequences, their potential maximum consequence should 
be considered. 

2.4 Scenario Construction *: 

i 
The next step in the scenario selection procedure involves the formation or development of 
scenarios by taking meaningful combinations of those phenomena remaining after the 
screening ~ r o c e s s . ~ ~ e c a l l  that at this point, the events-and processes have been classified as 
to "release" and "transport" phenomena as discussed in Section 2.2. The development of 
scenarios by taking combinations of the various release and transport phenomena is illustrated 
by a simple example. 

Consider the simple case of two release phenomena (Rl, R2) and three transport phenomena 
(Tl, T2, T3). The possible scenarios that can be created by taking combinations of these 
phenomena are shown in Figure 2. There are 25 - 32 possible combinations in this example. 
The use of a logic diagram as illustrated in Figure 2 ensures that all possible combinations 
are identified. The base case scenario represents the initial conceptualization of the disposal 
system including the repository and emplaced waste. All components of the 
engineered-barrier system are assumed to perform as designed. The other scenarios are 
perturbations to these basic conditions. 

This organizational method is preferable to the classical event-tree, fault-tree techniques 
frequently used in the analysis of engineered systems. This statement is made for the 
following reasons. 

1. Many of the so-called "events" associated with geologic environments do not represent 
immediate or abrupt changes in the system but rather slow, continuous changes over 
hundreds to thousands of years (e.g., dissolution cavities in bedded-salt formations, shaft or 
borehole seal degradation, etc.). Hence their occurrence cannot be represented by a simple 
"yes" or "no" statement 

2. Feedback loops frequently appear in the investigation of the processes that could affect the 
release of radionuclides from the underground facility. Event trees and fault trees do not 
adequately incorporate interactions between various factors influencing radionuclide 
movement. 

3. For a given set of conditions, many of the processes are basically deterministic. Thus, the 
question of when and if a certain "barrier" will be breached is answered when a given set of 
conditions is specified. The real question is, what conditions exist? 
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4. Event trees and fault trees force artificial divisions in the representation of processes. The 
important question is how the entire system behaves. 

Other studies [Burkholder, 1981; Koplik et al., 19821 have also concluded that event and 
fault trees are not useful for analyzing geologic processes or their interactions. They 
recommend the use of simulation techniques with models to describe the evolution over time 
of a set of variables representing the scenarios. The latter method is used in this study as 
described in the next chapter. 

2.5 Screening of Scenarios 

The next step in the scenario selection procedure would be to screen the scenarios developed 
from taking combinations of the various release and transport phenomena. An initial 
screening of these scenarios is based on physical reasonableness, probability, and 
consequence. 

Physical Reasonableness. The most readily applicable of these screening criteria is physical 
reasonableness. Certain combinations of events and processes are incompatible. For example, 
consider a basaltic dike that intrudes through the repository. The effects of such an intrusion 
primarily would be on the release of radionuclides. A dike that behaved as a barrier to flow 

.- could be designated as RI. If a fracture or rubble zone occurred as a result of the intrusion, a 
high-conductivity zone could be formed that would enhance ground-water flow. For this 
example, the presence of a high-conductivity zone is designated R2. The presence of the dike 
must be considered as either R1 or R2. The combination Rl R2 requires the dike to have 
incompatible properties. As a result, all scenarios (e.g., Figure 2) that include both R1 and 
R2 could be dropped from consideration on the basis that the components are not a physically 
reasonable combination. 

,- 
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RI. R2.T1, E. - 
R1. R2.11. z. 73 

fi, R2, TI, 12, 75 
fi. RZ. 11. T1. T3 

I 
- - - -  

RI. R2. TI. 12, T3 - --  
R1. R2. TI. T2. T3 

YES 
Rl, SZ,T2E 

r Rl. E. 5. n, T3 

RI. 6 71.75, E 
R1, Ei. T 1 . 5  T3 

R1. Sii Tl,TZ, ?i 
R1. E. Tl, T2 T3 - - -  
R1. R2, 11. TZ. T3 - - 
Rl. m. 71. r2.73 

Rl. R?. 5, Tzi5 
R1, R2. 5. 12. T3 - - 

f Rl. R2, 71. T2. T3 

Rl. RZ, TI. t?. T3 

I R1. R2. T1. TZ ?i 
Rl, R2. TI, T2. T3 

Figure 2. Potential Combinations of Two Release and Three Transport 
Phenomena 
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Probability. Assuming probabilities have been assigned to the various release and transport 
phenomena (components) comprising a scenario, a probability of that scenario can be arrived 
at by simply mulhplying the probabilities of each of the components (assuming, of course, 
independence among the components). If the components of a scenario are not independent, 
then conditional probabilities can be used to amve at the probability of the scenario. If this 
probability falls below the agreedupon cutoff (e.g., 10-*/yr), and one is relatively confident in 
the probability estimates for each component comprising the scenario, then this scenario 
could be eliminated from any further consideration. 

Conseauences. Scenarios can also be screened on the basis of consequence. Here, 
consequence generally refers to either radionuclide discharges to the environment or the 
health effects resulting from these discharges. Thus, radionuclide transport and health effects 
calculations are needed. If, in performing transport calculations for a scenario, no discharges 
are observed for the period of time used in the analysis, no additional consideration of the 
scenario is necessary. However, if discharges occur, the scenario must be retained for 
inclusion in regulatory compliance assessments, such as those specified in the containment 
requirements, 40 CFR 191.13 [U.S. Environmental Protection Agency, 19851. 

A final screening of the scenarios remaining at this point can be accomplished using 
combined probability and consequence arguments, namely risk. However, unless regulations 

- for disposal are risk-based, the use of risk in screening scenarios is generally not applicable. 

TABLE; p. 26, tbl. 2; 

Table 2. 

Potentially Disruptive Events and Processes 

Natural Events and Process 

Celestial Bodies 
Meteorite Impacts 

Surficial Events and Process 
Erosionlsedimentation 
Pluvial Periods 
Sea Level Variations 
Hurricanes 
Seiches 
Tsunamis 
Regional Subsidence or Uplift 

(also applies to subsurface - 
APPENDIX XRE6 

Glaciation 
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Rock 

Landslides 

Subsurface Events and Processes 
Seismic Activity 
Volcanic Activity 
Magmatic Activity 
Formation of Dissolution Cavities 
Formation of Interconnected Fracture 
Faulting 

Human-Included Events and Processes 

Inadvertent Intrusions 
Explosions 
Drilling 
Mining 
Waste Disposal (Injection Wells) 
Withdrawal Wells 

Hydrologic Stresses 
Irrigation 
Damming of Rivers 

Waste-and Revositow-Induced Events and Processes 

October 17, 1996 

Subsidence and Caving 
Shaft and Borehole Seal Degradation 
Thermally-Induced Stress/Fracturing in 

Excavation-Induced stress/Fracturing in 

Systems 

Host 

Host Site" 
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Dale, T. and L.D. Hurtado. 1996. "WIPP Air-Intake Shaft Disturbed-Rock Zone Study," 
4th International Conference on the Mechanical Behavior of Salt, Montreal, Quebec, June 
17- 18, 1996. SAND96-1327C. Albuquerque, NM: Sandia National Laboratories. 

NOTE: The above listed document was not available for inclusion in the Reference 
Expansion as of the printing date. Page changes will be provided as the above document 
becomes available for inclusion. 
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Davies, P.B., 1991. Evaluation of the Role of Threshold Pressure in Controlling Flow of 
Waste-Generated Gas into Bedded Salt at the Waste Isolation Pilot Plant. SAND90-3246. 
Sandia National Laboratories, Albuquerque, NM, pp. 17-19. WPO 26169. 

ABSTRACT: 
Anoxic corrosion and microbial degradation of contact-handled transuranic waste may 

produce sufficient quantities of gas over a long time period to generate high pressure in the 
disposal rooms at the Waste Isolation Pilot Plant (WIPP) repository. Dissipation of pressure 
by outward gas flow will be inhibited by the low permeability of the surrounding rock and by 
capillary forces that resist gas penetration into this water-saturated rock. Threshold pressure 
is the gas pressure required to overcome capillary resistance to initial gas penetration and to 
the development of interconnected gas pathways that would allow outward gas flow. The 
primary objectives of this study are to estimate the magnitude of threshold pressure in the 
bedded salt that surrounds the WIPP repository and to evaluate the role this parameter plays 
in controlling the outward flow of waste-generated gas. Estimates of threshold pressure have 
been made based on an empirical correlation of threshold pressure with intrinsic permeability 
from other low-permeability rock types and on a capillary tube model. These two 
approaches yield generally consistent estimates, suggesting that threshold pressure in 
relatively pure halite is 20 to 50 MPa, or larger; threshold pressure in impure halite is 5 to 
25 MPa; and threshold pressure in more permeable nonhalite interbeds is 2 to 112 MPa, or 
less. Because of the compounding effect of low threshold pressure and relatively high 
permeability, the nonhalite interbeds are likely to be the dominant pathways for flow of 
waste-generated gas away from a pressurized repository. Near the repository, a number of 
processes occur that may significantly reduce threshold pressure. Local fracturing and pore 
dilation in response to excavation-related stresses creates larger pore apertures. Desaturation 
occurs as a result of drying, dilation, and/or exsolution of gas that is dissolved in Salado 
brine under natural conditions. All of these processes contribute to the development of a 
zone surrounding the repository that contains pore space that is readily accessible to waste- 
generated gas due to significantly decreased threshold pressures. The threshold pressure 
estimates and analyses presented in this report are based primarily on threshold pressure 
information from low-permeability, nonsalt rock types and must be confirmed with direct, 
laboratory, and/or in situ measurements specific to the Salado Formation at the WIPP 
repository. In particular, such measurements should be directed toward the nonhalite 
interbeds and impure halite. " 

ABSTRACT: 
Anoxic corrosion and microbial degradation of contact-handled transuranic waste may 

produce sufficient quantities of gas over a long time period to generate high pressure in the 
disposal rooms at the Waste Isolation Pilot Plant (WIPP) repository. Dissipation of pressure 
by outward gas flow will be inhibited by the low permeability of the surrounding rock and by 
capilla~y forces that resist gas penetration into this water-saturated rock. Threshold pressure 
is the gas pressure required to overcome capillary resistance to initial gas penetration and to - 
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the development of interconnected gas pathways that would allow outward gas flow. The 
primary objectives of this study are to estimate the magnitude of threshold pressure in the 
bedded salt that surrounds the WIPP repository and to evaluate the role this parameter plays 
in controlling the outward flow of waste-generated gas. Estimates of threshold pressure have 
been made based on an empirical correlation of threshold pressure with intrinsic permeability 
from other low-permeability rock types and on a capillary tube model. These two 
approaches yield generally consistent estimates, suggesting that threshold pressure in 
relatively pure halite is 20 to 50 MPa, or larger; threshold pressure in impure halite is 5 to 
25 MPa; and threshold pressure in more permeable nonhalite interbeds is 2 to 112 MPa, or 
less. Because of the compounding effect of low threshold pressure and relatively high 
permeability, the nonhalite interbeds are likely to be the dominant pathways for flow of 
waste-generated gas away from a pressurized repository. Near the repository, a number of 
processes occur that may significantly reduce threshold pressure. Local fracturing and pore 
dilation in response to excavation-related stresses creates larger pore apertures. Desaturation 
occurs as a result of drying, dilation, and/or exsolution of gas that is dissolved in Salado 
brine under natural conditions. All of these processes contribute to the development of a 
zone surrounding the repository that contains pore space that is readily accessible to waste- 
generated gas due to significantly decreased threshold pressures. The threshold pressure 
estimates and analyses presented in this report are based primarily on threshold pressure 
information from low-permeability, nonsalt rock types and must be conf i ied  with direct, - laboratory, and/or in situ measurements specific to the Salado Formation at the WIPP 
repository. In particular, such measurements should be directed toward the nonhalite 
interbeds and impure halite. " 

Section 4.1 Empirical Correlations, p. 17; 
Correlations of threshold pressure with intrinsic permeability have been presented in 

the soils literature for unconsolidated materials (Stalanan, 1968) and in the petroleum 
literature for consolidated rock (Thomas et al., 1968; Ibrahim et a]., 1970). The physical 
rationale behind this approach is that both threshold pressure and intrinsic permeability are 
strongly related to pore size and pore interconnections in some fashion. As noted in the 
previous discussion of the capillary tube model, over the broad spectrum of geologic 
environments, intrinsic permeability ranges over 13 orders of magnitude (Table 2) and is the 
dominant factor controlling threshold pressure. The parameter with the second largest range 
(2-112 orders of magnitude) is porosity. Empirical correlations for threshold pressure that 
incorporate both intrinsic permeability and porosity have also been tested, but show no 
significant improvement in fit over correlations that use only intrinsic permeability (Ibrahim, 
1970). 

A detailed literature review has yielded threshold pressure and intrinsic permeability 
data for a broad range of lithologies with permeabilities ranging from approximately 1 x 
to 1 x 10 a mZ (1000 darcies to 0.1 nanodarcy). Most data at the lower end of this range 
come from measurements on caprock lithologies associated with underground gas storage 
research. Data at the high end of this range are primarily from unconsolidated soils and 
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artificial porous media. Figure 5 is a plot of the threshold pressure versus intrinsic 
permeability, grouped by lithology. This plot contains only data from research laboratory 
measurements carried out under carefully controlled conditions. Data from commercial 
laboratories were not included because of the frequent absence of lithologic information and 
uncertainty in the range of quality control in the measurements. Data from Cosby et al. 
(1984) for unconsolidated materials have been presented as a separate curve because these 
data represent mean values from a large number of samples in groups of different textural 
classifications rather than individual sample points. 

The empirical correlations presented in Figure 5 and summarized in Table 3 reveal a 
distinct similarity in threshold-pressure versus intrinsic-permeability relationships for the 
consolidated lithologies, which include sandstone, shale, carbonate, and anhydrite. These 
data have been fit with a power curve of the form: 

The best fit power curves for these lithologies are quite similar, with exponents ranging from 
-0.34 to -0.37 and coefficients ranging from 3 x 10.' to 9 x lo-'. On the other hand, the 
curves for the high permeability lithologies (unconsolidated soils and artificial porous media) 
are different, with the exponents ranging from -0.46 to -0.71 and coefficients ranging from 3 
x 10.' to 3 x The exponents for the best fit power curves for all lithologies are 
generally similar to the theoretical -0.50 exponent indicated by the capillary tube model - 
(Equation 5). The Stakrnan (1968) data for sorted sand are characterized by a close fit (Rf is 
equal to 0.97) and by an exponent (-0.46) that is quite similar to the theoretical -0.50 value. 
Exponents for the consolidated lithologies are all close to-0.35, suggesting that factors other 
than intrinsic permeability may exert secondary influence on the correlation for consolidated 
materials. " 
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Dotson, L.J. 1996. Non-Salado Initial Pressure. Sandia National Laboratories, NM. WPO 
30713. 

NOTE: The above listed document was not available for inclusion in the Reference 
Expansion as of the printing date. Page changes will be provided as the above document 
becomes available for inclusion. 
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Earth Technology Corporation, 1988. Final Report for Time Domain Electromagnetic 
(TDEM) Surveys at the WIPP Site. SAND87-7144. Albuquerque, NM, Sandia National 
Laboratories. 

EXECUTIVE SUMMARY, p ii; 
The Earth Technology Corporation was contracted by Sandia National Laboratories to 

perform a time domain electromagnetic (TDEM) survey at the WIPP site for the purpose of 
mapping the depth of occurrence of brine pockets and layers. The impetus for the 
geophysical survey was that pressurized brine had been encountered in drill holes in the 
Castile Formation immediately underlying the bedded salts of the Salado Formation in which 
the waste storage panels are mined. TDEM is a geophysical technique that determines 
layering in the subsurface from surface resistivity measurements. Because brine layers and 
pockets have low resistivities compared to the bedded salts of the host rock, they are good 
targets for electrical exploration. 

Most of the measurements (36 out of 38) were located in a 1.5 by 1 krn grid directly 
over the waste storage panels. Two measurements were made next to drill holes WIPP #12 
and DOE #1 to validate the interpretation of the geophysical survey. Also, one drill hole 
(ERDA #9) at the northern boundary of the survey grid was used for calibration. 

The results of the survey can be summarized as follows: 

0 The geoelectric sections derived from the TDEM measurements compare well A 

with geologic and geophysical data of the three drill holes. At WIPP #12 the 
occurrence of brine at a depth of about 8OOm (2600 ft.) is clearly seen in the 
TDEM data. 

0 The results of the TDEM survey over the waste storage panels show the fust 
occurrence of brine at depths corresponding to the Castile Formation in 
portions of the area and to the Bell Canyon Formation in the rest of the area, 
some 400 to 600 m below the mined depth of the waste storage panels in the 
Salado formation. There is no evidence in the data for brine pockets in the 
Salado or other formations over the waste storage panels. 

Only one sounding was made near drill hole WIPP #12 for the purpose of calibration. 
Since the center loop TDEM surveys conducted correlate well with drill holes and other 
geologic data, it is recommended that the areal extent of the brine pocket encountered at 
WIPP #12 be mapped by surveying a grid centered on W P  #12." 
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Figure 1-1. TEM Sounding Locations and Waste Panel Location 
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EPA (US.  Environmental Protection Agency), 1985. "40 CFR Part 191: Environmental 
Standards for the Management and Disposal of Spent Nuclear Fuel, High-Level and 
Transuranic Radioactive Wastes; Final Rule." Federal Register, Vol. 50, No. 182, pp.38066- 
38089, September 19, 1985. Office of Radiation and Air, Washington, D.C. WPO 39132. 

SUMMARY, p. 38066, col. 1; 
The Environmental Protection Agency (EPA) is promulgating generally applicable 

environmental standards for the management and disposal of spent nuclear fuel and high-level 
and transuranic wastes. The standards apply to management and disposal of such materials 
generated by activities regulated by the Nuclear Regulatory Commission (NRC) and to 
disposal of similar materials generated by atomic energy defense activities under the 
jurisdiction of the Department of Energy (DOE). These standards have been developed 
pursuant to the Agency's authorities and responsibilities under the Atomic Energy Act of 
1954, as amended; Reorganization Plan No. 3 of 1970; and the Nuclear Waste Policy Act of 
1982. 

Subpart A of these standards limits the radiation exposure of members of the public 
from the management and storage of spent fuel or high-level or transuranic wastes prior to 
disposal at waste management and disposal facilities regulated by the NRC. Subpart A also 
limits the radiation exposures to members of the public from waste emplacement and storage 
operations at DOE disposal facilities that are not regulated by the NRC. 

Subpart B establishes several different types of requirements for disposal of these 
materials. The primary standards for disposal are long-term containment requirements that 
limit projected releases of radioactivity to the accessible environment for 10,000 years after 
disposal. These release limits should insure that risks to future generations from disposal of 
these wastes will be no greater than the risks that would have existed if the uranium ore used 
to create the wastes had not been mined to begin with. A set of six qualitative assurance 
requirements is an equally important element of Subpart B designed to provide adequate 
confidence that all containment requirements will be met. The thud set of requirements are 
limitations on exposures to individual members of the public for 1,000 years after disposal. 
Finally, a set of ground water protection requirements limits radionuclide concentrations for 
1,000 years after disposal in water withdrawn from most Class I ground waters to the 
concentrations allowed by the Agency's interim drinking water standards (unless 
concentrations in the Class I ground waters already exceed limits in 40 CFR Part 141, in 
which case this set of requirements would limit the increases in the radionuclide 
concentrations to those specified in 40 CFR Part 141). Subpart B also contains informational 
guidance for implementation of the disposal standards to clarify the Agency's intended 
application of these standards, which address a time frame without precedent in 
environmental regulations. Although disposal of these materials in mined geologic 
repositories has received the most attention, the disposal standards apply to disposal by any 
method, except disposal directly into the oceans or ocean sediments. 

This notice describes the final rule that the Agency developed after considering the 
public comments received on the proposed rule published on December 29, 1982, and the 
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recommendations of a technical review conducted by the Agency's Science Advisory Board 
(SAB). The major comments received on the proposed standards are summarized together 
with the Agency's responses to them. Detailed responses to all the comments received are 
discussed in the Response to Comments Document prepared for this final rule. 
DATE: These standards shall be promulgated for purposes of judicial review at 1:00 p.m. 
eastern time on October 3, 1985. These standards shall become effective on November 18, 
1985." 

50 FR 38087, col. 2; 
"Appendix A--Table for Subpart B . . . 
Application of Table 1 

Note 1:Units of Waste. The Release Limits in Table 1 apply to the amount of wastes 
in any one of the following: 

(a) An amount of spent nuclear fuel containing 1,000 metric tons of heavy metal 
[MTHM] exposed to a burnup between 25,000 megawatt-days per metric ton of heavy metal 
[MWdIMTHM] and 40,000 MWdlMTHM; 

(b) The high-level radioactive wastes generated from reprocessing each 1,000 MTHM 
exposed to a burnup between 25,000 MWdIMTHM and 40,000 MWdIMTHM; 

(c) Each 100,000,000 curies of gamma or beta-emitting radionuclides with half-lives 
greater than 20 years but less than 100 years (for use as discussed in Note 5 or with - materials that are identified by the Commission as high-level radioactive waste in accordance 
with Part B of the definition of high-level waste in NWPA); 

(d) Each 1,000,000 curies of other radionuclides (i.e., gamma or beta-emitters with 
half-lives greater than 100 years or any alpha-emitters with half-lives greater than 20 years) 
(for use as discussed in Note 5 or with materials that are identified by the Commission as 
high-level radioactive waste in accordance with part B of the definition of high-level waste in 
NWPA); or 

(e) An amount of transuranic (TRU) wastes containing one million curies of alpha- 
emitting transuranic radionuclides with half-lives greater than 20 years. " 

,- 
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EPA (U.S. Environmental Protection Agency), 1993. "40 CFR Part 191: Environmental 
Radiation Protection Standards for the Management and Disposal of Spent Nuclear Fuel, 
High-Level and Transuranic Radioactive Wastes; Final Rule." Federal Register, Vol. 48, No. 
242, pp. 66398-66416, December 20, 1993. Office of Radiation and Air, Washington, D.C. 
WPO 39133. 

PREAMBLE: SUMMARY; 
The U.S. Environmental Protection Agency (EPA) is promulgating amendments to the 

environmental standards for the disposal of spent nuclear fuel, high-level and transuranic 
wastes (40 CFR 191.15 and Subpart C). 

EPA originally promulgated these standards in 1985 pursuant to the Agency's 
authorities and responsibilities under the Nuclear Waste Policy Act of 1982, as amended, the 
Atomic Energy Act of 1954, as amended, and $2(a)(6) of Reorganization Plan No. 3 of 1970 
(5 USC app. 1). In 1987, following a legal challenge, the U.S. Court of Appeals for the 
First Circuit (hereinafter referred to as 'the First Circuit' or ' the court') remanded subpart B 
of the 1985 standards to the Agency for further consideration. Natural Resources Defense 
Council, Inc. v.  United States Environmental Protection Agency, 824 F.2d 1258 (1st Cir. 
1987). Recently enacted legislation, (Pub. L. 102-579) known as the Waste Isolation Pilot 
Plant Land Withdrawal Act (WIPP LWA), however, reinstates the 1985 disposal standards 
except 'the 3 aspects of $5191.15 and 191.16 of such [standards] that were subject of the 
remand ordered' by the First Circuit. The WIPP LWA directs EPA to expedite issuance of -_ 
final disposal standards and specifies that such regulations shall not be applicable to the 
characterization, licensing, construction, operation, or closure of any site required to be 
characterized under $113(a) of Public Law 97-425, the Nuclear Waste Policy Act of 1982. 

Today's action represents the Agency's response to this legislation and to the issues 
raised by the court pertaining to individual and ground-water protection requirements. After 
considering the relevant comments received on the February 10, 1993 proposed ~ k m a k i n g ,  
the Agency has taken this final action in the form of amendments to parts 191 of title 40 of 
the Code of Federal Regulations. In so doing, EPA has not revised any of the regulations 
reinstated by the WIPP LWA. 

DATES: These amendments will become effective on January 19, 1994. These 
amendments will be promulgated for purposes of judicial review at 1 p.m. eastern standard 
time on December 20, 1993. " 

STATUTORYANDREGULATORYBACKGROUND; 
The WIPP Land Withdrawal and Nuclear Waste Policy Acts 
As noted above, today's action responds to the directive in section 8 of the WIPP 

LWA that EPA conduct a rulemaking to issue certain radioactive waste disposal regulations 
at 40 CFR Part 191, subpart B. The EPA initially promulgated subpart B in 1985 (50 FR 
38084 (Sept. 19, 1985)), but those regulations were subsequently vacated in whole as part of 
a remand order issued by the First Circuit in 1987 (discussed further above and below). See 
MZDC V .  EPA, 824 F.2d 1258 (1st Cir. 1987). -- 
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Section 8(a)(l) of the WIPP LWA reinstates those portions of subpart B except 
@l9l . .  15 and 191.16 (which were the bases of remand by the First Circuit). Accordingly, 
section 8(a)(2)(A) of the WIPP LWA exempts the requirements at 40 CFR 191.15 (individual 
protection) and 191.16 (ground-water protection) from the statutory reinstatement. Section 
8@)(2) addresses these non-reinstated provisions by directing the EPA promulgate final 
regulations. Today's action responds to that directive by revising the individual protection 
requirements in 40 CFR 191.15, discussed above, and by adding new ground-water 
protection standards as 40 CFR part 191, subpart C (discussed below)." 
Federal register, Vol. 58 No. 242, p 66398, dated December 20,1993 
"191.15 Individual protection requirements. 

(a) Disposal systems for waste and any associated radioactive material shall be 
designed to provide a reasonable expectation that, for 10,000 years after disposal, 
undisturbed performance of the disposal system shall not cause the annual committed 
effective dose, received through all potential pathways from the disposal system, to any 
member of the public in the accessible environment, to exceed 15 millirems (150 
microsieverts). 

(b) Annual committed effective doses shall be calculated in accordance with appendix 
B of this part. 

(c) Compliance assessments need not provide complete assurance that the 
requirements of paragraph (a) of this section will be met. Because of the long time period - involved and the nature of the processes and events of interest, there will inevitably be 
substantial uncertainties in projecting disposal system performance. Proof of the future 
performance of a disposal system is not to be had in the ordinary sense of the word in 
situations that deal with much shorter time frames. Instead, what is required is a reasonable 
expectation, on the basis of the of the record before the implementing agency, that 
compliance with paragraph (a) of this section will be achieved. 

(d) Compliance with the provisions in this section does not negate the necessity to 
comply with any other applicable Federal regulations or requirements. 

(e) The standards in this section shall be effective on January 19, 1994." 

"Subpart C-Environmental Standards for Ground-Water Protection 
. . .191.23 General provisions. 

(a) Determination of compliance with this subpart shall be based upon underground 
sources of drinking water which have been identified on the date the implementing agency 
determines compliance with subpart C of this part. 
191.24 Disposal standards. 

(a) Disposal systems. 
(1) General. Disposal systems for waste and any associated radioactive material shall 

be designed to provide a reasonable expectation that 10,000 years of undisturbed 
performance after disposal shall not cause the levels of radioactivity in any underground 
source of drinking water, in the accessible environment, to exceed the limits specified in 40 
CFR part 141 as they exist on January 19, 1994. 
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(2) Disposal systems above or within a formation which within one-quarter ( 114) mile 

contains an underground source of drinking water. [Reserved] 
(b) Compliance assessments need not provide complete assurance that the 

requirements of paragraph (a) of this section will be met. Because of the long time period 
involved and the nature of the processes and events of interest, there will inevitably be 
substantial uncertainties in projecting disposal system performance. Proof of the future 
performance of a disposal system is not to be had in the ordinary sense of the word in 
situations that deal with much shorter time frames. Instead, what is required is a reasonable 
expectation, on the basis of the record before the implementing agency, that compliance with 
paragraph (a) of this section will be achieved. . . ." 

5191.27. Effective date: p. 66415, col. 3; 
"Appendix A to Part 191--Table for Subpart B 

9.Appendix B is redesignated as Appendic C to part 191 and the heading is revised as 
follows: 
Appendix C to Part 191--Guidance for Implementation of Subpart B." 

50 FR 38088, p. 38088, col. 2; 
Appendix B--Guidance for Implementation of Subpart B 
[Note: The supplemental information in this appendix is not an integral part of 40 

CFR Part 191. Therefore, the implementing agencies are not bound to follow this guidance. - 
However, it is included because it describes the Agency's assumptions regarding the 
implementation of Subpart B. This appendix will appear in the Code of Federal 
Regulations] " 

. . . 
Scope of Performance Assessments. 
Section 191.13 requires the implementing agencies to evaluate compliance through 

performance assessments as defined in 5 191-12(q). The Agency assumes that such 
performance assessments need not consider categories of events or processes that are 
estimated to have less than one chance in 10,000 of occumng over 10,000 years. 
Furthermore, the performance assessments need not evaluate in detail the releases from all ., 
events and processes estimated to have a greater likelihood of occurrence. Some of these . :. 

8i.i ,$. 
events and processes may be omitted from the performance assessments if there is a I : *'. v 

; Ij. ,.,r, : 
, . reasonable expectation that the remaining probability distribution of cumulative releases 4 ,, ,+ f2 

would not be significantly changes by such omissions." :+'. * ,  " -'I d i  
. .> .~ ~ - 
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EPA (U.S. Environmental Protection Agency), 1996a. "40 CFR Part 194: Criteria for the 
Certification and Re-Certification of the Waste Isolation Pilot Plant's Compliance with the 40 
CFR Part 191 Disposal Regulations Final Rule." Federal Register, Vol. 61, No. 28, pp. 
5224-5245, February 9, 1996. Office of Radiation and Indoor Air, Washington, D.C. In 
NWM Library as KF70.A35.C751 1996 (Reference). 

SUMMARY, p. 5224, col. 1; 
The Environmental Protection Agency (EPA) is promulgating criteria for determining 

if the Waste Isolation Pilot Plant (WIPP) will comply with EPA's environmental radiation 
protection standards for the disposal of radioactive waste. If the Administrator of the EPA 
determines that the WIPP will comply with the standards for disposal, then the Administrator 
will issue to the Secretary of Energy a certification of compliance which will allow the 
emplacement of transuranic waste in the WIPP to begin, provided that all other statutory 
requirements have been met. If a certification is issued, EPA will also use this final rule to 
determine if the WIPP has remained in compliance with EPA's environmental radiation 
protection standards, once every five years after the initial receipt of waste for disposal at the 
WIPP. This rulemaking was mandated by the WIPP Land Withdrawal Act of 1992. 
EFFECTIVE DATE: These regulations are effective April 9, 1996." 

p. 5238, col. 2; 
.- 8194.14. Content of compliance certification application. 

Any compliance application shall include: 
(a) A current description of the natural and engineered features that may affect the . . 

performance of the disposal system. The description of the disposal system shall include, at 
a minimum, the following information: 

(1) The location of the disposal system and the controlled area; 
(2) A description of the geology, geophysics, hydrogeology, hydrology and 

geochemistry of the disposal system and its vicinity and how these conditions are expected to 
change and interact over the regulatory time frame. Such description shall include, at a 
minimum: 

(i) Existing fluids and fluid hydraulic potential, including brine pockets, in and near 
the disposal system; and 

(ii) Existing higher permeability anhydrite interbeds located at or near the horizon of 
the waste. 

(3) The presence and characteristics of potential pathways for transport of waste from 
the disposal system to the accessible environment including, but not limited to: Existing 
boreholes, solution features, breccia pipes, and other potentially permeable features, such as 
interbeds. 

(4) The projected geophysical, hydrogeologic, and geochemical conditions of the 
disposal system due to the presence of waste including, but not limited to, the effects of 
production of heat or gases from the waste." 

P 
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p. 5240, col. 2; 
$194.24 Waste characterization. 
(a) Any compliance application shall describe the chemical, radiological and physical 

composition of all existing waste proposed for disposal in the disposal system. To the extent 
practicable, any compliance application shall also describe the chemical, radiological and 
physical composition of to-be-generated waste proposed for disposal in the disposal system. 
These descriptions shall include a list of waste components and their approximate quantities 
in the waste. This list may be derived from process knowledge, current non-destructive 
examinationlassay , or other information and methods. " 

p. 5243, Assurance Requirements, col. 3; 
$ 194.44 Engineered barriers. 
(a) Disposal systems shall incorporate engineered bamer(s) designed to prevent or 

substantially delay movement of water or radionuclides toward the accessible environment." 
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EPA (U.S. Environmental Protection Agency), 1996b. Criteria for the Certification and Re- 
certification of the Waste Isolation Pilot Plant's Compliance with the 40 CFR Part 191 
Disposal Regulations. Background Information Document for 40 CFR Part 194. EPA 402-R- 
96-002. Environmental Protection Agency, Office of Radiation and Indoor Air, Washington, 
D.C. 

1. Introduction; p. 1-1, para. 1; 
The Environmental Protection Agency's (EPA) regulation, 40 CFR part 194, sets 

forth criteria for determining if the Waste Isolation Pilot Plant (WIPP) will comply with 
EPA's environmental radiation protection standards for the disposal of radioactive waste, 
found at 40 CFR part 191 subparts B and C. If the Administrator of EPA determines that 
the WIPP will comply with the standards for disposal, then the Administrator will issue to 
the Secretary of Energy a certification of compliance which will allow the emplacement of 
transuranic waste in the WIPP to begin, provided that all other statutory requirements have 
been met. If a certification is issued, EPA will also use 40 CFR part 194 to determine if the 
WIPP has remained in compliance with EPA's environmental radiation protection standards, 
once every five years after the initial receipt of waste for disposal at the WIPP. The final 
preamble and regulation to 40 CFR part 194, as they appear in the Federal Register, take 
precedence over any descriptions or interpretations of the final rule that appear in this 
document. 

This document provides much of the necessary background information and technical 
analyses which the Agency used during the development of 40 CFR part 194. The document 
explicates fourteen issues considered by EPA in establishing the individual criteria contained 
in 40 CFR part 194." 

p. 8-41, para. 1; 
In 40 CFR part 194, EPA decided that the statistical portion of the determination of 

compliance with 40 CFR part 191 will be based on the sample mean. The LHS sample sizes 
should be demonstrated operationally (approximately 300 when 50 variable are considered) to 
improve (reduce the size of) the confidence interval for the estimated mean. The underlying 
principle is to show convergence of the mean." 

9 Consideration of Human Intrusion 
9.4 Intrusion by Mining 
9.4.3.2 Other Relevent Studies; p. 9-36, para. 5; 

IT Corporation summarized subsidence observations made at potash mines in 
southeastern New Mexico (ITC94). Observed angles of draw, measured from vertical edge 
of the mine workings to the point where surface subsidence ceased, varied from 25 to 58 
degrees. " 

Geologic Column; p. 9-46, para. 4; 
The geologic column used in the analysis was adapted from the ERDA 9 borehole 
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near the center of the M P P  site (POW78). Table 9-5 gives the depth, formation, and 
thickness of the different strata represented in the finite element model." 

Table 9-5. Strata Depth and Thickness; p. 9-47, tbl. 9-5;" 

1. Dewey Lake I 0 I 550 11 
Formation 

4. Rustler 1 632 1 82 11 

Depth (ft) 

- 

2. Rustler 

3. Magenta 

5. Culebra I 714 I 26 11 

Thickness (ft) 

550 

608 

9. Potash Seam 1 1,543 1 10 11 

- 

58 

24 

6. Rustler 

7. Upper Salado 

13. Lower Salado 1 2,178 1 442 11 

740 

860 

10. McNun 

11. Lower Salado 

12. Storage Zone 

14. Storage Zone 1 2,620 1 110 11 

120 

507 

1,553 

1,741 

2,074 
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333 

104 

15. Lower Salado 

16. Castile 
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Freeze, G.A., Larson, K. W., and Davies, P.B. 1995. A Summary of Methods for 
Approximating Salt Creep and Disposal Room Closure in Numerical Models of Multiphase 
Flow. SAND94-0251. Sandia National Laboratories, Albuquerque, NM. WPO 29557. 

ABSTRACT; 
Eight alternative methods for approximating salt creep and disposal room closure in a 

multiphase flow model of the Waste Isolation Pilot Plant (WIPP) were implemented and 
evaluated; three fixed-room geometries (initial, intermediate, fully consolidated); three 
porosity functions (moles-time-porosity surface, moles-time-porosity lines, pressure-time- 
porosity lines); and two fluid-phase-salt methods (boundary backstress, capillary backstress). 
The pressure-time-porosity line interpolation (pressure lines) method is used in current WIPP 
Performance Assessment calculations. The room closure approximation methods were 
calibrated against a series of room closure simulations performed by Stone (1995a) using a 
creep closure code, SANCHO. 

The fixed-room geometries did not incorporate a direct coupling between room void 
volume and room pressure. The two porosity function methods that utilize moles of gas as 
an independent parameter for closure coupling were unable to account for the presence of 
brine in the room and, therefore, could not capture the dynamic relationship between room 
pressure, brine volume in the room, and room expansion. The capillary backstress method 
was unable to accurately simulate conditions of re-closure of the room followed room 

fi expansion. Only two methods were found to be accurate and robust enough to approximate 
the effects of room closure under most conditions, the boundary backstress method and 
pressure-time-porosity line interpolation. 

The boundary backstress method is thought to be a more reliable indicator of system 
behavior due to a theoretical basis for modeling salt deformation as a viscous process. It is a 
complex method and a detailed calibration process is required. The pressure lines method is 
thought to be less reliable because the results were skewed towards SANCHO results in 
simulations where the sequence of gas generation was significantly different from the 
SANCHO gas-generation rate histories used for closure calibration. This limitation in the 
pressure lines method is most pronounced at higher gas-generation rates (> 0.8 moles per 
drum per year) and is relatively insignificant at lower gas-generation rates (10.4  moles per 
drum per year). Due to its relative simplicity, the pressure lines method is easier to 
implement in multiphase flow codes and simulations have a shorter execution time (10 to 20 
times faster than boundruy backstress). The pressure lines method is suggested for continued 
use in WIPP Performance Assessment calculations as long as simulated gas-generation rate 
histories are low or are not significantly different from the SANCHO-simulated rates." 

~- 
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Goodwin, B. W., Stephens, M.E., Davison, C.C., Johnson, L.H., and Zach, R. 1994. 
Scenario Analysis for the Postclosure Assessment of the Canadian Concept for Nuclear Fuel 
Waste Disposal. AECL-10969. COG-94-247. Whiteshell Laboratories, Pinawa, Manitoba, 
Canada. 

ABSTRACT; p. 1, para. 1; 
AECL Research has developed and evaluated a concept for disposal of Canada's 

nuclear fuel waste involving deep underground disposal of the waste in intrusive igneous rock 
of the Canadian Shield. The postclosure assessment of this concept focusses on the effects 
on human health and the environment due to potential contaminant releases into the biosphere 
after the disposal vault is closed. Both radiotoxic and chemically toxic contaminants are 
considered. 

One of the steps in the postclosure assessment process is scenario analysis. Scenario 
analysis identifies factors that could affect the performance of the disposal system and groups 
these factors into scenarios that require detailed quantitative evaluation. 

This report documents a systematic procedure for scenario analysis that was 
developed for the postclosure assessment and then applied to the study of a hypothetical 
disposal system. The application leads to a comprehensive list of factors and a set of 
scenarios that require further quantitative study. The application also identifies a number of 
other factors and potential scenarios that would not contribute significantly to environmental 
and safety impacts for the hypothetical disposal system." 

October 17, 1996 

--r 

APPENDIX XRE6 



Compliance Certification Application Reference Expansion 

Hodgkinson, D.P. and Sumerling, T. J., 1989. "A Review of Approaches to Scenario 
Analysis for Repository Safety Assessment." In Proceedings of the IAEAICECINEA 
(OECD) Symposium on Safety Assessment of Radioactive Waste Repositories (Paris, 1989). 
OECDINEA, Paris, France. pp. 333-350. 

ABSTRACT; p. 333, para. 1; 
This paper surveys approaches to scenario analysis for repository safety assessment 

which have been under scrutiny by the NEA Scenarios Workiig Group. Scenario analysis 
blends information on site and waste characteristics, established understanding of processes, 
and subjective views of appropriately experienced scientists and others. It is important to 
follow systematic procedures and to document each step carefully so that it is amenable to 
scrutiny. There is a wide agreement about the general approach that should be taken to the 
identification, classification and screening of phenomena that need to be considered. Three 
general approaches have been identified to the difficult problem of combining these 
phenomena into scenarios, and consideration has been given to their ranges of applicability." 

p. 348, para. 1; 
"APPENDIX 
EXAMPLE COMPILATION OF EVENTS, FEATURES AND PROCESSES FOR A DEEP 
REPOSITORY IN HARD ROCK" 

.-. 
APPENDIX XRE6 October 17. 1996 



Com~liance Certification Avulication Reference Ex~ansion .- 

Halt, R.M., and Powers, D.W. 1984. Geotechnical Activities in the Waste Handling Shaft 
Waste Isolation Pilot Plant (WIPP) Project Southeastern New Mexico. WTSD-TME-038. 
U.S. Department of Energy, Carlsbad, NM. 

ABSTRACT, p. v; 
The Waste handling shaft (waste shaft) at the Waste Isolation Pilot Plant (WIPP) site 

is an enlargement of the drilled, Site and Preliminary Design Validation (SPDV) ventilation 
shaft. Geotechnical activities in the waste shaft were designed to c o n f i  the SPDV 
ventilation shaft mapping results and to provide additional information about identified zones 
of interest. The activities included identification of instrument locations, geologic inspections 
of the exposed shaft surface during sinking operations, reconnaissance geologic mapping of 
the waste shaft sump, and detailed geologic mapping in identified zones of interest. These 
activities were carried out concurrently with construction. 

The results of the geologic inspections in the waste shaft and the reconnaissance 
geologic mapping in the waste shaft sump correlate well with previous characterizations. 
However, the detailed 360" geologic mapping performed in several zones of interest did not 
reveal post-depositional dissolution features, thought to occur at several stratigraphic horizons 
in the Rustler Formation at the WIPP site. At the waste shaft, zones previously identified as 
dissolution residues in nearby boreholes contained pronounced primary sedimentary 
features. " 

4.2.2.4 Culebra Dolomite Member, p. 4-6, para. 4; 
In the waste shaft, the Culebra occurs in the depth interval from 706.5 feet to 728.5 

feet (Figure 9). The upper one-half to two feet of the Culebra is a medium brown, 
microlaminated to thinly laminated carbonate. This unit averages about 0.8 feet in thickness 
throughout the circumference of the shaft, but thickens up to two feet in the vicinity of 
mound-like dome structures. In general, the laminations within the carbonate unit are 
horizontal to subhorizontal. However, the laminae in the mound structures are often 
crenulated and dip slightly away from the center. It is likely that this unit is of algal origin. 
a 114 to l-inch thick bed of cohesive, black claystone underlies the carbonate unit. The 
remainder of the Culebra primarily consists of brown, finely crystalline dolomite containing 
both empty and gypsum-filled vugs of varying size." 

n 
p. 4-9, para. 1; 

From a depth of about 781.0 feet to a depth of about 844.0 feet, the lower member 
consists of interbedded siltstone, sandstone, mudstone, and claystone with an abundance of 
primary sedimentary structures. These sedimentary structures include laminated sediments, 
cross-laminations, trough cross laminations, and channel lag (Plate 4) containing invertebrate 
fossil hash. The basal contact with the Salado is sham. and the rock overlving the contact . - 
appears to be undisturbed by dissolution. The averagL depth to the RustlerISalado contact in 
the shaft is about 844.0 feet. " 
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DOEIWIPP-86-008. U.S. Department of Energy, Carlsbad, NM. 

INTRODUCTION, p. 1-1; 
The Waste Isolation Pilot Plant (WIPP) project is a Department of Energy (DOE) 

research-and-development facility constructed to demonstrate the safe disposal of radioactive 
wastes derived from the defense activities of the United States. The WIPP project's mission 
consists of two parts. The first is to demonstrate the safe handling and disposal of 
transuranic (TRU) waste in bedded salt. The second is to create a research facility for in-situ 
examination of the technical issues related to the emplacement of defense-related radioactive 
waste in bedded salt. 

The WIPP facility is located approximately 26 miles east of Carlsbad, New Mexico in 
an area known as Los Medanos (Figure 1). The underground portion of the facility is 
located at a depth of approximately 2,150 feet in the bedded salt deposits of the Salado 
Formation (Figure 2). An extensive program of site characterization and validation has been 
conducted for the past nine years (1976-1985). The results of these studies are summarized 
in the W P P  'Geological Characterization Report' (Powers et a]., 1978), the WIPP 'Safety 
Analysis Report' (DOE, 1980), the WIPP 'Preliminary Design Validation Report' (Bechtel, 
1983), and the WIPP 'Results of Site Validation Experiments' (Black et al., 1983). 
Additional site investigations are being conducted as part of an ongoing program to further 

-. re f ie  the understanding of the site-specific geology. The geotechnical activities conducted in 
the exhaust shaft are part of this program. 

The exhaust shaft will provide a pathway for the release of exhaust air from the 
facility to the surface. The shaft is an enlargement of a six-foot diameter, upreamed shaft. 
The finished diameter is 14 feet in the lined portion of the shaft and 15 feet minimum in the 
unlined portion. Geotechnical activities consisting of reconnaissance geologic mapping, 
detailed geologic mapping in specific zones of interest, geologic c o n f i t i o n  of instrument 
locations, and field adjustment and modification of the key and aquifer seal design were 
performed concurrently with construction from July 16, 1984 to January 18, 1985. This 
report presents and discusses the Fidings from the geologic mapping efforts in the exhaust 
shaft. Also, the construction history of the exhaust shaft is summarized, and several 
engineering geology characteristics are discussed. " 

NOTE: The notes applicable to Figures 6, 7, & 8 (Figure 6 - Sh 2 of 11 through 11 of 
11; Figure 7 - Sh 2 of 9 through 9 of 9; and Figure 8 - Sh 2 of 6 through 6 of 6) have 
not been included in this document to reduce document size. 

- 
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Holt, R.M., and D.W. Powers, 1990. Geologic Mapping of the Air Intake Shaft at the 
Waste Isolation Pilot Plant. DOEIWIPP 90-051. Westinghouse Electric Corporation, 
Carlsbad, NM. 

EXECUTIVE SUMMARY, p ES-1; 
The air intake shaft (AS) at the Waste Isolation Pilot Plant (WIPP) site was 

constructed to provide a pathway for fresh air into the underground repository and maintain 
the desired pressure balances for proper underground ventilation. It was up-reamed to 
minimize construction-related damage to the rock wall. The upper portion of the shaft was 
lined with slip-formed concrete, while the lower part of the shaft, from approximately 903 ft 
below top of concrete at the surface, was unlined. As part of WIPP site characterization 
activities, the AIS was geologically mapped. 

The AIS was geologically mapped during the period from March 11, 1988 to 
November 14, 1989. The objectives of the geologic mapping were to: 1)provide 
confirmation and documentation of strata overlying the WIPP facility horizon; 2)provide 
detailed information of the geologic conditions in strata critical to repository sealing and 
operations; 3) provide technical basis for field adjustments and modification of key and 
aquifer seal design, based upon the observed geology; 4) provide geological data for the 
selection of instrument borehole locations; 5) and characterize the geology at geomechanical 
instrument locations to assist in data interpretation. All mapping activities were performed - from a two deck galloway (work platform) and synchronized with shaft construction 
activities. The AIS was mapped according to the procedures described in WP 07-503, 
'Geologic Mapping of Shafts' (April 25, 1988) (Appendix B). 

The entire shaft section including the Mescalero Caliche, Gatuiia Formation, Santa 
Rosa Formation, Dewey Lake Redbeds, Rustler Formation, and Salado Formation to the 
WIPP facility horizon was geologically described. The shaft construction method, up- 
reaming, created a nearly ideal surface for geologic description. Small-scale textures usually 
best seen on slabbed core were easily distinguished on the shaft wall while larger-scale 
textures not revealed in core were well displayed. Previously undescribed textures were 
interpreted, and the AIS data were used to further refine depositional and post-depositional 
models of the units mapped. 

The upper part of the Dewey Lake Redbeds displayed features consistent with Schiel's 
(1988) interpretation of the depositional environments. The geologic mapping data indicated 
deposition in a fine-grained, ephemeral fluvial system (Schiel, 1988). The lower part of the 
Dewey Lake, however, was depositionally a continuation of Rustler style sedimentation and 
accumulated in saline mud flatlmud flat environments. Most gypsum-filled fractures 
developed incrementally in response to unloading, while some Dewey Lake are 
syndepositional. Within the Dewey Lake, a cement change between carbonate and, possibly, 
anhydrite was observed at a depth of 164.5 feet. Perched water tables within the Dewey 
Lake may rest on this cement change. Above the cement change, the shaft surface was moist 
and displayed an efflorescent crust consisting of halite. The source of the halitic water is 
attributed to the muck-piles north and east of the AIS. - 
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The features observed within the Rustler are consistent with those reported by Holt 
and Powers (1984, 1986, and 1988). Mudstones within the Rustler created a spalling hazard 
as several feet of mudstone had spalled out of the units and large slabs to desk-top size had 
to be scaled from the rib prior to mapping. Liner plate was installed over all Rustler 
mudstones. The surface of the lower part of the Rustler required extensive washing and 
scaling prior to mapping as Culebra and construction waters dissolved halite crystals and 
cements. Extensive vertical fluxing was observed. 

The AIS data from the Salado allowed the authors to add considerably to the 
understanding of the depositional and diagenetic history of the Salado. Unprecendeted halite 
textural and fabric data was collected, characterized, and interpreted from the Salado. An 
idealized Salado halite sequence was constructed, and all Salado halite observed withii the 
AIS fits partially or wholly into the idealized sequence. Complete Salado halite sequences 
consist of four lithofacies, in ascending order: 1) stratified mud-poor halite; 2) 'podular' 
muddy halite; 3) 'dilated' mud-rich halite; and 4) halitic mudstone. These lithofacies 
developed in four distinct depositional environments: 1) a mud-poor salt pan; 2) a 
'hummocky' salt pan; 3) a mud-rich salt pan; and 4) a saline mud flat. 

Salado sulfate interbeds (including Markerbeds) displayed abundant previously 
undescribed textures and fabrics. Textural data from the AIS provided the basis for further 
interpretation of these interbeds. Salado sulfate interbeds were deposited in shallow saline 
lagoon environments following eustatically- or meteorically-driven, basin-wide flooding and 
freshening events (Lowenstein, 1982, 1983, 1988). Different hydrologic conditions produced -. 

three distinct types of sulfate interbeds within the Salado. The sulfate interbeds bounding the 
repository horizon may be laterally variable due to facies changes withii the depositional 
environment. Geologic evidence of naturally occurring late-stage fluid migration or 
alteration within the halite of the Salado was not found. Mineralized and fluid-filled 
fractures occur within some sulfate interbeds within the Salado." 

p. 3-3, para. 1; 
At the AIS, the G a t u ~  is 13 feet thick and consists of very calcareous, very friable, 

soft sandstone (Figures 4 and 5). The Gatufia is light red and mottled with dark stains. 
Carbonate occurs as stringers and concretions in probable rhizolithic structures. Clay-sized 
materials locally appear translocated. Some pebble-sized clasts of sandstone are probably 
derived from the underlying Santa Rosa Formation. The Gatuiia overlies a sham erosional - - 
contact on the Santa Rosa Formation." 

p. 3-4, para. 2; 
The Dewey Lake is characterized by its reddish-orange to reddish-brown color and 

varying sedimentary structure. At the WIPP site (as exposed in the AIS), the Dewey Lake is 
476 feet thick and consists of interbedded reddish-brown f i e  sandstone, siltstone, mudstone 
and claystone (Figure 5). The Dewey Lake is distinguished from other redbed units by the 
presence of greenish-gray reduction spots, which are liberally sprinkled throughout the 
formation, and locally abundant fibrous gypsum-filled fractures. Its upper contact with the - 
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Santa Rosa Formation is sharp and erosional (Figure 6). The lower contact of the Dewey 
Lake with the Rustler Formation is sharp, with a minor amount of erosional relief (Figure 7 
and 8). This contact is locally disconformable, but there is evidence of a regional 
unconformity (Holt and Powers, 1988). " 

3.4.3 Origin and Significance of Gv~sum-Filled Fractures, p. 3-8; 
With the exception of the upper portion, the Dewey Lake is characterized by locally 

abundant gypsum-filled fractures. Most of the fractures are filled with fibrous gypsum, 
although granular gypsum fracture fillings do occur in the upper portion of the Dewey Lake. 
In the AIS, gypsum-filled fractures are abundant below 164.5 feet. The fracture filling 
gypsum is fibrous indicating incremental growth. The fracture pattern and filling 
morphology is governed by the grain-size of the fractured host material, as discussed below." 

3.4.4 Origin of Perched Water Tables in the Dewev Lake, p. 3-10, para. 2; 
At the AIS, the Dewey Lake is cemented with carbonate above 164.5 feet. The 

coarse-grained units (sandstones and siltstones) are usually moderately hard, though a few are 
soft. The mudstones and claystones are soft and commonly fissile. Fractures are unfilled or 
filled with carbonate, and carbonate-filled fractures increase downward. The surface of the 
AIS wall in the Dewey Lake is moist down to 164.5 feet, and a halitic efflorescence is 
sometimes present on the shaft wall. . . ." - 
p 3-11, para 2; 

At the WIPP site, meteoric water probably infiltrates through the surface materials 
(dune sand and construction fill material) to the Mescalero caliche, where it moves 
downgradient off of the site or evaporites. When the Mescalero caliche and the Pleistocene 
and Triassic rocks have been disturbed by construction activities, this water can infiltrate 
along these newly created pathways into the underlying Dewey Lake. The water will 
infiltrate to the cement change surface and either stop or move down gradient. The impact 
of this process should be assessed with respect to shaft plugs and seals." 

p 3-26, para 3; 
The lower mud-poor section of the sequence is dominated texturally by an overall 

sense of horizontal to subhorizontal stratification and is named the 'stratified' mud-poor 
lithofacies (Figure 1, Appendix F). It is subdivided into three zones with small-scale 
textures. The Fist zone is dominated by bottom growth halite textures including halite 
chevron, comet, and cumulates and clay or sulfate laminae. The second zone shows 
abundant passive pore-filling halite cements in small dissolution pits and pores. The 
uppermost zone contains exhibits mostly expansive halite cement textures (displacive halite) 
mixed with various syndepositional solution textures and fabrics. These textures are 
consistent with deposition in a mud-poor salt pan. 

The 'podular' muddy halite lithofacies is characterized by lenses and pods of fine to 
medium crystalline halite (Figure 1, Appendix F). Generally, it is more argillaceous then the 
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'stratified' mud-poor lithofacies. The 'podular' muddy halite lithofacies is subdivided into 
two zones which laterally and vertically interfinger: 1) a zone dominated by expansive 
(displacive) halite cements and 2) a zone with few expansive cements. Few textures reflecting 
subaqueous deposition are preserved, and continuous strata are very rare. Dissolution pits, 
pipes, and pores are common. Textures within this lithofacies are similar to 'hummocky' 
salt pan halite in the Devil's Golf Course in Death Valley, California." 

October 17. 1996 
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NOTE: Figure 16 is a photograph and will not scan in properly, therefore it is not 
included here. 
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IAEA (International Atomic Energy Agency). 1981. Safety Assessment for the 
Underground Disposal of Radioactive Wastes. IAEA Safety Series No. 56, Vienna, Austria. 

1. INTRODUCTION; p. 1, para. 1; 
Nuclear energy is playing a continuing and increasing role in electricity generation in 

many countries. Therefore, these countries are faced with adopting appropriate systems for 
the management and disposal of the radioactive wastes. These wastes vary greatly in 
physical/chernical form and isotopic content. While various concepts have been proposed 
and are being studied, it is generally agreed that disposal underground, with the wastes 
appropriately immobilized, is an adequate way of providing the necessary protection for 
humans and the environment. 

Underground disposal means the emplacement of radioactive waste materials in the 
terrestrial subsurface without the intention of retrieval. Accordingly, underground disposal 
concepts can range from shallow ground burial to emplacement in very deep bore-holes. 
Most effort is currently focused upon mined repositories in deep (e.g. up to 1000 meters). 
Continental geologic formations, and this emphasis is reflected in the present document. 

Safety assessments are necessary to estimate the expected performance of a system 
considered for underground disposal of radioactive wastes and to compare it with 
acceptability criteria, both for the operational and post-operational phases; they are useful 
also to identify the potential significance of possible improvements of the system. They are 
important in every phase in system development; system selection; site confiiation; 
repository design, construction, operation, shutdown and sealing; and licensing processes 
relevant to these phases. Thus, safety assessments are a tool to predict the probable 
consequences of creating a waste repository, to compare the consequences with acceptability 
criteria (as defined in the Glossary), and to present the results for judgement by the 
appropriate bodies. 

Safety assessments proceed from generic to site-specific studies. Generic assessments 
can be useful for making programmatic decisions regarding the choice of a disposal concept 
and the appropriate use of avaiIab1e resources. Generic assessments may also be helpful in 
gaining recognition of the feasibility of a disposal concept. Site-specific assessments are 
necessary for decisions affecting siting, design, and licensing for construction, operation, 
shutdown and sealing of a repository. 

Safety assessments are performed by: 
(a) working backward from acceptability criteria to working forward 

from the characteristics of systems to determine and compare their expected 
performance with acceptability criteria. 

(b) working forward from the characteristics of systems to determine and 
compare their expected performance with acceptability criteria. 

These two approaches are complementary and used in an iterative process. During 
this process the effects of potential improvements of the overall system of natural barriers - 
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and man-made provisions can also be evaluated relative to an 'as low as reasonably 
achievable' solution for the future consequences of the underground waste disposal, taking 
present-day economic and social factors into account. 

Performance of such safety assessments requires an interdisciplinary team of 
specialists to cover the many technical aspects, working throughout all phases of repository 
planning, designing and licensing activities. 

The purposes of this document are to introduce: 
(a) overall safety assessment approaches that can be useful during all phases 

of disposal system development, including both generic and site-specific 
studies; 

(b) general methods that can be applied within that overall approach. 

Subsequent documents to be published by the IAEA will describe specific safety 
assessments and present further details on the methodologies used and the status of this 
rapidly developing technology. " 

- 
APPENDIX XRE6 October 17, 1996 



Compliance Certification Application Reference Expansion - 
Iman, R.L. 1982. "Statistical Methods for Including Uncertainties Associated with the 
Geologic Isolation of Radioactive Waste Which Allow for a Comparison with Licensing 
Criteria," Proceedings of the Symposium on Uncertainties Associated with the Regulation of 
the Geologic Disposal of High Level Radioactive Waste, Gatlinsburg, Tennessee, March 9- 
13, 1981, ed. D.C. Kocher. NUREGICP-0022, CONF810372, Oak Ridge National 
Laboratory, Oak Ridge, Tennessee, 145-157. Available from NTIS. Order#: DE82008883. 

ABSTRACT, p. 145; 
A project funded at Sandia National Laboratories by the Nuclear Regulatory 

Commission has as its charter to develop a methodology for evaluating applications for 
nuclear waste repositories. Since the Sandia methodology has the capability of expressing 
the output variable (for example integrated discharge rates) as a distribution, this report 
illustrates how to put uncertainty bounds on the output distribution. Additionally this 
approach permits a comparison against licensing criteria. The licensing criteria used in this 
paper while hypothetical in nature did involve guidance from experts." 
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Iman, R.L., and Conover, W.J. 1982. A Distribution-Free Approach to Inducing Rank 
Correlation Among Input Variables. Communications in Statistics: Simulation and 
Computation, Vol. B11, No. 3, pp. 311-334. 

ABSTRACT, p 3 11; 
A method for inducing a desired rank correlation matrix on a multivariate input 

random variable for use in a simulation study is introduced in this paper. This method is 
simple to use, is distribution free, preserves the exact form of the marginal distributions on 
the input variables, and may be used with any type of sampling scheme for which correlation 
of input variables is a meaningful concept. A Monte Carlo study provides an estimate of the 
bias and variability associated with the method. Input variables used in a model for study of 
geologic disposal of radioactive waste provide an example of the usefulness of this 
procedure. A textbook example shows how the output may be affected by the method 
presented in this paper. " 

.- 
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Kaplan, S., and Garrick, B.J. 1981. On the Quantitative Definition of Risk. Risk Analysis, 
Vol. 1, NO. 1, pp. 11-27. 

INTRODUCTION, p 11, col 1; 
As readers of this journal are well aware, we are not able in life to avoid risk but 

only to choose between risks. Rational decision-making requires, therefore, a clear and 
quantitative way of expressing risk so that it can be properly weighed, along with all other 
costs and benefits, in the decision process. 

The purpose of this paper is to provide some suggestions and contributions toward a 
uniform conceptual/linguistic framework for quantifying and making precise the notation of 
risk. The concepts and definitions we shall present in this connection have shown themselves 
to be sturdy and serviceable in practical application to a wide variety of risk situations. They 
have demonstrated in the courtroom and elsewhere the ability to improve communication and 
greatly diminish the confusion and controversy that often swirls around public decision 
making involving risk. We hope therefore with this paper to widen the understanding and 
adoption of this framework, and to that end adopt a leisurely and tutorial place. 

We begin in the next section with a short discussion of several qualitative aspects of 
the notion of risk. We then proceed to a first-pass or first-level quantitative definition. Since 
the notion of 'probability' is fundamentally intertwined with the definition of risk, the next 
section addresses the precise meaning adopted in this paper for the term 'probability.' In 
particular, at this point, we carefully draw a distinction between 'probability' and 
'frequency.' Then, using this distinction, we return to the idea of risk, and give a 'second- 
level' definition (of risk which generalizes the first-level definition) and is large enough and 
flexible enough to include at least all the aspects and subtleties of risk that have been 
encountered in the authors' experience." 

3. QUANTITATIVE DEFINITION OF RISK (FIRST LEVEL), p 12, col 2, 
3.1 "Set of Triples Idea"; 

In analyzing risk we are attempting to envision how the future will turn out if we 
undertake a certain course of action (or inaction). Fundamentally, therefore, a risk analysis 
consists of an answer to the following three questions: 

(i) What can happen? (i.e., What can go wrong?) 
(ii) How likely is it that that will happen? 

(iii) If it does happen, what are the consequences? 

October 17, 1996 
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Table I. Scenario List 

Scenario Likelihood Consequence 

Sl P1 x1 
s2 P2 x2 

To answer these questions we would make a list of outcomes or 'scenarios' a 
suggested in Table I. The ith line in Table I can be thought of as a triplet: 

(si,~i,xi) 

where si is a scenario identification or description; 
pi is the probability of that scenario; and 
xi is the consequence or evaluation measure of that scenario, 

i.e., the measure of damage. 
If this table contains all the scenarios we can think of, we can then say that it (the - 

table) is the answer to the question and therefore is the risk. More formally, using braces { 
), to denote 'set off we can say that the risk, R, 'is' the set of triplets: 

R={(s,,pi,xi)}, i=1,2 ,..., N. 
This definition of risk as a set of triplets is our first-level definition. We shall refine 

and enlarge it later.3 For now let us show how to give a pictorial representation of risk. 

?Having defined risk as a set of triplets, we may now, in line with section 2.2, define hazard 
as a set of doublets thus H={(si,xi))." 

5.2. Inclusion of Uncertainty, p 20, col 1; 
Now since we have not yet actually done the thought experiment of the previous 

section, we have uncertainty about what its outcome would be. The degree of uncertainty 
depends upon our total state of knowledge as of right now; upon all the evidence, data, and 
experience with similar courses of action in the past. We seek therefore to express this 
uncertainty using, naturally, the language of probability. 

Since the thing we are uncertain about is a curve, Q.(x), we express the uncertainty by 
embedding this curve in a space of curves and erecting a probability distribution over this 
space. 

Pictorially, this is represented by a diagram of the form of Fig. 7. This figure is 
what we call a risk curve in probability of frequency format. It consists of a family of - curves @,(x), with the parameter being the cumulative probability. To use this diagram we 
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would, for example, enter with a specific x value and choose say the curve P=0.90. The 
ordinate of this curve &(x) is then the 90th percentile frequency of x. That is to say, we 
are 90% confident that the frequency with which damage level x or greater occurs, is not 
larger than c9,,,(x). 

Figure 7 is the pictorial form of our level 2 definition of risk. It is of interest to 
express this definition also in terms of the set of triplets idea. 
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Lappin, A.R., Hunter, R.L., Garber, D.P., Davies, P.B., Beauheim, R.L., Borns, D.J., 
Brush, L.H., Butcher, B.M., Cauffman, T., Chu, M.S.Y., Gomez, L.S., Guzowski, R.V., 
Iuzzolino, H.J., Kelley, V., Lambert, S.J., Marietta, M.G., Mercer, J.W., Nowak, E.J., 
Pickens, J., Rechard. R.P., Reeves, M., Robinson, K.L., and Siegel, M.D., eds., 1989. 
Systems Analysis, Long-Term Radionuclide Transport, and Dose Assessments, Waste 
Isolation Pilot Plant (WIPP), Southeastern New Mexico: March 1989. SAND89-0462. Sandia 
National Laboratories, Albuquerque, NM. WPO 24125. 

EXECUTIVE SUMMARY, p iii; 
This report summarizes the current understanding of the expected long-term behavior 

of the Waste Isolation Pilot Plant (WIPP) repository and estimates long-term radionuclide 
doses in a series of six analyses investigating both undisturbed repository performance (Case 
I) and performance in response to a relatively high-consequence human Intrusion (Case 11). 
It is the result of an intensive effort over a short time. The U. S. Department of Energy 
(DOE) decided to have Sandia National Laboratories prepare this report as a result of a 
meeting held January 5, 1989. The conceptual model of the expected long-term behavior of 
the WIPP repository used in this report was formulated in early to mid January 1989, 
drawing on information and understanding developed over the past decade. Numerical 
modeling of ground-water flow, radionuclide transport, and doses to humans began January 
20, 1989 and was completed March 20, 1989. 

The report has several objectives: 
1. To briefly summarize Sandia's current technical understanding of the major 
components of long-term performance of the WIPP repository. The following areas are 
specifically addressed: 

. . . . 
f. radionuclide-transport mechanisms and properties of the Culebra Dolomite, the 

major pathway for ground-water transport of radionuclides from the WIPP to 
the biosphere. 

. . . . 
4. To describe, document, and interpret six sets of calculations estimating the potential 
health effects to individuals resulting from emplacement of CH-TRU wastes in the WIPP, 
hydrologic saturation of the repository as a result of either natural processes or human 
intrusion, direct and indirect exposure during and after drilling (where appropriate), and 
ground-water transport of radionuclides to a hypothetical stock well south of the WIPP site. 

The calculations presented here investigate radionuclide transport and resulting health 
effects both during undisturbed performance of the WIPP repository and in response to a 
relatively high-consequence human intrusion into the repository. The human intrusion 
considered is drilling that results in a long-term interconnection of the repository, an 
underlying brine reservoir in the Castile Fm., and the overlying Culebra Dolomite. The 
Culebra Dolomite provides a relatively permeable pathway for ground-water transport of 
radionuclides to the hypothetical stock well." 
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E.1.5.1 Use of a Stream Tube to Calculate Transport, p. E-15; 
To calculate transport, the numerical model assumes that the steady-state flow field 

and brine-density distribution of LaVenue et al. (1988) is disturbed significantly by the 
release. To justify this approach, particle travel times in the Culebra Dolomite from the 
release point to the stock-well location have been calculated for three flow fields, 
corresponding to steady-state, Case IIA, and Case IIBIIICIIID conditions. By definition, 
particle travel times are calculated using the Darcy velocities and a selected porosity. The 
process of dispersion, matrix diffusion, and sorption are not included. The calculated 
particle travel times assumed fracture-dominated transport to assess the maximum transport 
impact of the transient brine-reservoir perturbations to the undisturbed Culebra flow field. 
The particle travel time for the undisturbed, steady-state flow simulation differs by about 2 %  
from the Case IIA particle travel time and about 7% from the CASE IIB, IIC, and IID travel 
times. Thus, a release from the breach borehole to the Culebra Dolomite will form a plume, 
the centerline of which will coincide with the transport pathway illustrated in Figure E-2. 
The numerical model calculates transport along this centerline using a stream tube. 
Constructed as described in Appendix B of Reeves et al. (1987), the stream tube yields the 
same spatial variations in velocity along the transport pathway as the flow model of LaVenue 
et al. (1988). 
Figure E-3 represents an idealized contaminant plume formed as the result of point-source 
injection at constant rate Q into a unidirectional flow field, which has Darcy velocity u, and 
aquifer thickness b. The stream-tube concept, based on undisturbed flow, can be considered 
with the disturbed flow field (Figure E-3). The latter describes a release of brine-reservoir 
fluids to the Culebra Dolomite, focusing on the streamlines near the borehole. These 
streamlines diverge from the point of release an, at a distance, become parallel to the 
direction of natural ground-water flow. 

The streamlines of the injected fluids form a plume of contaminated water of width 
2w from flow divide to flow divide, as illustrated in Figure E-3 and defined by the relation 

2w = Qlbu, (E-27) 

Asymptotically, the flux within the plume equals that of the natural ground-water u,. The 
distance s that separates the points of release and stagnation is defined by the relation 

This distance also provides a measure of the spatial extent of the region in which fluid 
velocities differ significantly from u,. The maximum rate of fluid release Q, calculated for 
the borehole and the natural ground-water velocity u, calculated by LaVenue et al. (1988) at 
the point of release (i.e., the borehole) yield stagnation-point distances (Table E-3) for Cases 
IIA, IIB, IIC, and IID. A comparison of the 7.8 to 69.6-m range of stagnation-point 
distance at 75 years with the 4840-m distance from the point of release to the stock well 
indicates that the region of disturbed velocities is small relative to the overall scale for solute 
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transport, thus supporting the assumption of a negligibly disturbed steady-state flow field." 
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Luker, R.S., Thompson, T. W., and Butcher, B.M. 1991. "Compaction and Permeability of 
Simulated Waste." In Rock Mechanics as a Multidisciplinary Science: Proceedings of the 
32nd U.S. Symposium, University of Oklahoma, Norman, OK, July 10-12, 1991. J.C. 
Roegiers, ed.. SAND90-2368C, pp. 694-702. A. A. Balkema, BroolGield, VT. WPO 
38847. 

ABSTRACT; 
This paper focuses on the mechanical and hydraulic properties of simulated contact 

handled transuranic radioactive waste that are associated with the Waste Isolation Pilot Plant 
(WIPP). In particular, the mechanical behavior of the simulated (nonradioactive) waste and 
its permeability after substantial time dependent compaction are being measured to give input 
data for modeling contaminated brine flow in a geologic repository stratum. 

A number of deformation and permeability tests have been performed on materials 
comprising this waste. A variety of material mixtures were used, including cloth, wood, 
metals (various geometries), plastics, and minerals (various grain size distributions). Prior to 
the permeability tests, specimens were loaded under a constant stress (2000 psi) from 1 to 50 
days and allowed to achieve a stable density state. Specimens, four inches in diameter with 
various lengths, were loaded axially via a piston and confined radially by the pressure vessel 
cylinder wall. Axial deformation was measured for production of stress-density and density- 
time curves. Subsequent to the deformation stage, which was terminated after evidence of 
density stabilization, brine was passed through the specimen for permeability measurements. 

Deformation and permeability measurements of the simulated waste material are 
presented. Permeability values ranged through several orders of magnitude." 

1. 0 INTRODUCTION 

.I Project Overview 

The Waste Isolation Pilot Project (WIPP) facility, near Carlsbad, New Mexico, is currently 
being evaluated for the purpose of storing contact handled and remotely handled transuranic 
radioactive waste. 
Characterization of the mechanical and hydrological properties of the waste is important for 
predicting the repository behavior with time. More specifically, the potential for migration 
of groundwater through the 
storage areas and the dispersal of radioactive materials must be 
established. The radioactive waste to be stored in the WIPP facility consists of a varieCy of 
materials, including metals, combustibles (plastics and fibers) and "sludge". A large portion 
of these materials will be contained In 55 gallon drums and stored in rooms that will be 
backfilled. Because most of the materials initially have high porosities, they will be highly 
permeable. However over time the drums may be expected to collapse due to volume 
decreases in the rooms because of creep closure. Under these conditions the waste will 
compact leading to a reduction in porosity and permeability (Butcher 1989). 

.- 
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This paper summarizes the results of a series of experiments performed to investigate the 
time dependent compaction and permeability of simulated waste materials. The experiments 
were limited to ambient laboratory conditions. Permeability measurements were only 
performed on compacted specimens. Procedures, equipment, and data from these studies 
are presented and the results are discussed. 

2 0 PROGRAM PLANNING 

Butcher (1989) identified five major waste components: plastics, fibers (cellulosics: paper, 
cloth, wood, etc.) sorbents, metals, and sludge. The results from earlier 55-gallon drum 
testing (Butcher et al., in preparation) together with information on the anticipated waste 
inventories, were used to select mixtures of some of the waste components for the tests 
discussed here. Certain additional materials were also tested. These included granular 
limonite and magnetite, which were chosen to represent metal materials after decomposition, 
a mixture of granular 
magnetite and steel, representing an intermediate corrosion state, and a mixture of shredded 
metal and crushed salt, which is being considered as an engineered alternative to untreated 
wastes. These mixtures are described by their respective weight percentages in Table 2 1. 

Table 2 1 Specimen Summary 

MATERIAL MATERIAL DESCRIPTION 
NUMBER 

39% Intact and sectioned bottles, 42% PVC Conduit, 19% 
Surgeons Gloves 

40% Rags, 60% Pine wood cubes (1" dimension) 

60% I " dimension steel, 40% crushed salt 

45 % Material 1, 37 % Material 2,  9% 1 " dimension metals, 9 % Dry 
Portland Cement 

Magnetite granules (coarse, well graded) 

Limonite granules (coarse, well graded) 

50% Magnetite particles, 50% 1" dimension steel 

80% crushed salt. 20% shredded metals 
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