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APPENDIX SCR 

The methodology used in the Waste Isolation Pilot Plant (WIPP) performance assessments for 
screening of features, events, and processes (FEPs) is presented in Section 6.2.2 of this 
application. This appendix presents the results of applying the screening methodology for the 
analyses that are required to evaluate compliance with the numerical performance 
requirements provided in Title 40 of the Code of Federal Regulations (CFR) Part 191. This 
appendix demonstrates comprehensiveness and assembles and organizes relevant decisions 
and assumptions concerning the phenomena modeled in performance assessments. 

Section SCR.l discusses natural FEPs that are potentially relevant to disposal system1 
performance. Section SCR.2 discusses waste- and repository-induced FEPs. Section SCR.3 
discusses human-initiated events and processes (EPs). Key words placed in bold within the 
text represent FEPs being considered. Section SCR.4 maps retained FEPs into performance 
assessment codes. Attachment 1 discusses the compilation and construction of the FEP list 
used in this performance assessment. 

SCR.1 Natural FEPs 

The natural FEPs discussed in this section are potentially relevant to the analyses conducted to 
evaluate compliance with the Containment Requirements in 40 CFR 5 191.13, the Individual 
Protection Requirements in 40 CFR 5 191.15, and the Groundwater Protection Requirements 
in 40 CFR 5 191.24. While natural FEPs are important to each of these provisions, 
assessments of compliance with 40 CFR 5 191.15 and 40 CFR 5 191.24 are based solely upon 
the undisturbed performance2 of a disposal system and do not consider disruptions of the 
disposal system by unlikely natural events. 

Unlikely natural events not accounted for in the undisturbed performance of the WIF'P are 
those EPs that have not occurred in the past at a sufficient rate to affect the Salado Formation 
(hereafter referred to as the Salado) at the repository horizon within the controlled area, or to 
be expected to cause the release of radionuclides in the regulatory time frame. Further, the 
U.S. Department of Energy (DOE) believes that, for the WIPP, FEPs eliminated from the 
performance assessment calculations made to evaluate compliance with 40 CFR 5 191.13 c 

I Note that 40 CFR Part 191 defines the "disposal system" as any combination of engineered and natural barrie 
that isolates radioactive waste after disposal. Consistent with this definition, the DOE interprets the disposal 
system to be the repository (excavations, engineered aspects, disturbed rock zone [DRZ]) plus the controlled 
area, thus incorporating the natural barriers of the controlled area into the disposal system. The definition of 
the controlled area is provided in 40 CFR g 191.12 and is reproduced in Chapter 6.0. 

"Undisturbed performance" is defined in 40 CFR Part 191 to mean "the predicted behavior of a disposal 
system, including consideration of the uncertainties in predicted behavior, if the disposal system is not 
disrupted by human invusion or the occurrence of unlikely natural events" ($ 191.12). 

DOEICAO 1996-21 84 SCR-1 October 1996 
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also he eliminated from the undisturbed performance assessment calculations made to 
evaluate compliance with 40 CFR $ 191.15 and 40 CFR $ 191.24. 

In the remainder of this section, the DOE discusses natural FEPs in the context of the FEP 
categorization scheme presented in Table SCR-1. The categories concerned with geology 
(Section SCR. 1. I), subsurface hydrology (Section SCR. 1.2), and geochemistry (Section 
SCR.1.3), relate to the subsurface structure, fluid flow, and fluid chemistry, respectively. The 
categories concerned with geomorphology (Section SCR. 1.4), surface hydrology (Section 
SCR.l.5), climate (Section SCR. 1.6), marine environment (Section SCR. 1.7), and ecology 
(Section SCR. 1.8). relate to the potential influence of natural FEPs on conditions at and near 
the ground surface. FEPs presented in Table SCR-1 are printed in bold in the text of the FEP 
screening discussions. 

SCR.I.1 Geological FEPs 

SCR. 1.1.1 Stratigraphy 

The stratigraphy of the geological formations in the region of the WIPP is accounted for in 
performance assessment calculations. The presence of brine reservoirs in the Castile is 
accounted for in performance assessment calculations. - 

i 

The stratigraphy and geology of the region around the WIPP, including the distribution and 
characteristics of pressurized brine reservoirs in the Castile Formation (hereafer referred to 
as the Castile), are discussed in detail in Section 2.1.3. The stratigraphy of the geological 
formations in the region of the WlPP is accounted for in performance assessment calculations 
through the setup of the model geometries (Section 6.4.2). The presence of brine reservoirs is 
accounted for in the treatment of inadvertent drilling (Sections 6.4.12.6 and 6.4 8). 

SCR. 1.1.2 Tectonics 

The effects of regional tectonics, regional upt~ft and subsidence, and changes in regional 
stress have been eliminated from performance assessment calculations on the basis of low 
consequence to the performance ofthe disposal system. 

Regional tectonics encompasses two related issues of concern: the overall level of regional 
stress and whether any significant changes in regional stress might occur. 

The tectonic setting and structural features of the area around the WIPP are described in 
Section 2.1.5. In summary, there is no geological evidence for Quaternary regional tectonics 
in the Delaware Basin. The eastward tilting of the region has been dated as mid-Miocene to 
Pliocene by King (1948, 120 - 12 1) and is associated with the uplift of the Guadalupe 
Mountains to the west. Fault zones along the eastern margin of the basin, where it flanks the 
Central Basin Platform, were active during the Late Permian. Evidence for this includes the I 

displacement of the Rustler Formation (hereafter referred to as the Rustler) observed by Holt 

October 1996 SCR-2 DOEYCAO 1996-2 184 
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Table SCR-1. Natural FEPs and Their Screening Classifications 

Screening Appendix SCI 
eatnres, Events, and Prucesses (FEPs) Classification Comments Section 

EOLOGICAL FEPS 
Stratigraphy 

Stratigraphy 
Brine reservoirs 

Tectonics 
Changes in regional stress 
Regional tectonics 
Regional uplift and subsidence 

Structural FEPs 
Deformation 

Salt deformation 
Diapirism 

Fracture development 
Formation of fractures 
Changes in fracture properties 

Fault movement 
Formation of new faults 
Fault movement 

Seismic activity 
Seismic activity 

Crustal processes 
Igneous activity 

Volcanic activity 
Magmatic activity 

Metamorphism 
Metamorphic activity 

Geochemical FEPs 
Dissolution 

Shallow dissolution 
Lateral dissolution 
Deep dissolution 
Solution chimneys 
Breccia pipes 
Collapse breccias 

Mineralization 
Fracture infills 

UBSURFACE HYDROLOGICAL FEPS 
Groundwater characteristics 

Saturated groundwater flow 
Unsaturated groundwater flow 
Fracture flow 

UP 
DP 

SO-C 
SO-C 
SO-C 

SO-P 
SO-P 

SO-P 
SO-C 

SO-P 
SO-P 

UP 

SO-P 
SO-C 

SO-P 

UP 
SO-C 
SO-P 
SO-P 
SO-P 
SO-P 

SO-C 

UP 
UP 
UP 

Density effects on groundwater flow SO-C 
Effects of preferential pathways UP 

UP near repository. 

UP near repository. 
UP near repository. 

SO-C in Culebra. 

UP in Salado and Culebra. 

SCR.I.l 
SCR.1.1.1 

SCR.1.1.2 

SCR.l.1.3 
SCR.1.1.3.1 

SCR. 1.1.3.2 

SCR.1.1.3.3 

SCR. 1.1.3.4 

SCR.1.1.4 
SCR.1.1.4.1 

SCR.1.1.4.2 

SCR.1.1.5 
SCR.I.1.5.1 

SCR.1.1.5.2 

SCR.1.2 
SCR. 1.2.1 
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Table SCR-1. Natural FEPs and Their Screening Classifications (Continued) 

Screening Appendix SCA 
katures. Events, and Processes (FEE'S) Classification Comments Section 

Changes in groundwater flow 
Thermal effects on groundwater flow SO-C 
Saline intrusion SO-P 
Freshwater intrusion SO-P 
Hvdrolonical response to earthquakes SO-C - 
Natural gas intrusion 

iUBSURFACE GEOCHEMICAL FEPS 
Groundwater geochemistry 

Groundwater geochemistry 
Changes in groundwater chemistry 

Saline intrusion 
Freshwater intrusion 
Changes in groundwater Eh 
Changes in groundwater pH 
Effects of dissolution 

;EOMORPHOLOGICAL FEPS 
Physiography 

Physiography 
Meteorite impact 

Impact of a large meteorite 
Denudation 

Weathering - 
Mechanical weathering 

Sedimentation 
Aeolian deposition 
Fluvial deposition 
Lacustrine deposition 
Mass wasting 

Soil development 
Soil development 

WRFACE HYDROLOGICAL FEPS 
Fluvial 

Stream and river flow 
Lacustrine 

Surface water bodies 
Groundwater recharge and discharge 

Groundwater discharge 

SO-P 

UP 

SO-C 
SO-C 
SO-C 
SO-C 
SO-C 

UP 

SO-P 

SO-C 
SO-C 

SO-C 
SO-C 
SO-C 

SO-C 
SO-C 
SO-C 
SO-C 

SO-C 

SO-C 

SO-C 

UP 

SCR. 1.2.2 

SCR.1.3 
SCR.1.3.1 

SCR. 1.3.2 

SCR.14 
SCR.1.4.1 

SCR.1.4.2 

SCR. 1.4.3 
SCR. 1.4.3.1 

SCR.1.4.3.2 

SCR.1.4.3.3 

SCR.1.4.4 

SCR.1.5 
SCR.1.5.1 

SCR.1.5.2 

SCR.1.5.3 
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Table SCR-1. Natural FEPs and Their Screening Classifications (Continued) 

Screening Appendix SCI 
'eatures. Events. and Processes WEPd Classir~cation Comments Section 

Groundwater recharge UP 
Infiltration UP 

Changes in surface hydrology 
Changes in groundwater recharge and UP 
discharge 
Lake formation SO-C 
River flooding SO-C 

:LIMATIC FEPS 
Climate 

Precipitation (for example, rainfall) UP 
Temperature UP 

Climate change 
Meteorological 

Climate change UP 
Glaciation 

Glaciation SO-P 
Permafrost SO-P 

4ARINE FEPS 
Seas 

Seas and oceans SO-C 
Estuaries SO-C 

Marine sedimentology 
Coastal erosion SO-C 
Marine sediment transport and SO-C 
deposition 

Sea level changes 
Sea level changes SO-C 

COLOGICAL FEPS 
Flora & fauna 

Plants 
Animals 
Microbes 

SO-C 
SO-C 
SO-C 

UP for climate change 
effects. 

SCR. 1.5.4 

SCR. 1.6 
SCR. 1.6.1 

SCR.1.6.2 
SCR. 1.6.2.1 

SCR. 1.6.2.2 

SCR.1.7 
SCR.1.7.1 

SCR.1.7.2 

SCR. 1.7.3 

SCR.1.8 
SCR.1.8.1 

UP for colloidal effects and 
gas generation 
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Table SCR-1. Natural FEPs and Their Screening Classifications (Continued) 

Screening ~ p p n d i x  SCRI 
Iieatures. Erents. and Processes WEB?) Classification Comments Section 

Changes in flora & fauna SCR.1.8.2 
Natural ecological development SO-C 

Legend: 

UP 
(as well as 40 CFR 5 191.15 and Subpart C of 40 CFR Part 191). 

I 
FEPs accounted for in the assessment calculations for undisturbed performance for 40 CFR 5 191.13 

DP FEPs accounted for (in addition to all UPFEPs) in the assessment calculations for disturbed 
performance for 40 CFR 5 191.13. 

SO-R FEPs eliminated from performance assessment calculations on the basis of regulations provided in 
40 CFR Part 191 and criteria provided in 40 CFR Part 194. 

SO-C FEPs eliminated from performance assessment (and compliance assessment) calculations on the basis 
of consequence. 

SO-P FEPs eliminated from performance assessment (and compliance assessment) calculations on the basis 
of low probability of occurrence. 

and Powers (1988,4 - 14; see also Appendix FAC) and the thinning of the Dewey Lake 
Redbeds (hereafter referred to as the Dewey Lake) reported by Schiel (1994). There is, 
however, no surface displacement along the trend of these fault zones, indicating that there 
has been no significant Quaternary movement. Other faults identified within the evaporite 
sequence of the Delaware Basin are inferred by Barrows' figures in Boms et al. (1983,58 - 
60) to be the result of salt deformation rather than regional tectonic processes. According to 
Muehlberger et al. (1978,338), the nearest faults on which Quaternary movement has been 
identified lie to the west of the Guadalupe Mountains and are of minor regional significance. 
The effects of regional tectonics and changes in regional stress have therefore been eliminated 
from performance assessment calculations on the basis of low consequence to the 
performance of the disposal system. 

There are no reported stress measurements from the Delaware Basin, but a low level of 
regional stress has been inferred from the geological setting of the area (see Section 2.1.5). 
The inferred low level of regional stress and the lack of Quaternary tectonic activity indicate 
that regional tectonics and any changes in regional stress will be minor and therefore of low 
consequence to the performance of the disposal system. Even if rates of regional tectonic 
movement experienced over the past 10 million years continue, the extent of regional uplift 
and subsidence over the next 10,000 years would only be about several feet (approximately 
1 meter). This amount of uplift or subsidence would not lead to a breach of the Salado 
because the salt would deform plastically to accommodate this slow rate of movement. 
Uniform regional uplift or a small increase in regional dip consistent with this past rate coul 
give rise to downcutting by rivers and streams in the region. The extent of this downcutting 
would be little more than the extent of uplift, and reducing the overburden by 1 or 2 meters 

1 
would have no significant effect on groundwater flow or contaminant transport in units above 
or below the Salado. Thus, the effects of regional uplift and subsidence have been eliminated 
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from performance assessment calculations on the basis of low consecluence to the 
performance of the disposal system. 

SCR. 1.1.3 Structural FEPs 

SCR. 1.1.3.1 Deformation 

Natural salt deformation and diaairism at the WIPP site over the next 10.000 vears on a scale 
severe enough to significantly affect performance of the disposal system has been eliminated 
from performance assessment calculations on the basis of low probability of' occurrence. 

Deformed salt in the lower Salado and upp'er strata of the Castile has been encountered in a 
number of boreholes around the WIPP site; the extent of existing salt deformation is 
summarized in Section 2.1.6.1, and further detail is provided in Appendix DEF. 

A number of mechanisms may result in salt deformation: in massive salt deposits, buoyancy 
effects or diapirism may cause salt to rise through denser, overlying units; and in bedded salt 
with anhydrite or other interbeds, gravity foundering of the interbeds into the halite may take 
place. Results from rock mechanics modeling studies (see Appendix DEF) indicate that the 
time scale for the deformation process is such that significant natural deformation is unlikely 
to occur at the WIPP site over any time frame significant to waste isolation. Thus, natural 
salt deformation and diapirism severe enough to alter existing patterns of groundwater flow or 
the behavior of the disposal system over the regulatory period bas been eliminated from 
performance assessment calculations on the basis of low probability of occurrence over the 
next 10,000 years. 

SCR. 1.1.3.2 Fracture Development 

Naturally induced changes in fracture properties that may affect groundwaterjlow or 
radionuclide transport in the region of the WIPP have been eliminatedfrom pedormance 
assessment calculations on the basis of low consequence to the performance of the disposal 
system. The formation offractures has been eliminated from performance assessment 
calculations on the basis of a low probability of occurrence over 10,000 years. 

Groundwater flow in the region of the WIPP and transport of any released radionuclides may 
take place along fractures. The rate of flow and the extent of transport will be influenced by 
fracture characteristics such as orientation, aperture, asperity, fracture length and connectivity, 
and the nature of any linings or infills. These characteristics are accounted for in the 
performance assessment calculations through the description of the hydrogeological properties 
of the transmissive units (Sections 2.2.1 and 6.4.6.2). 

Dissolution and precipitation of minerals in fractures are discussed in Sections SCR. 1.1.5.1 
and SCR. 1.1 S.2, respectively. Changes in fracture properties could also arise through 
natural changes in the local stress field, for example, through erosion or sedimentation 
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changing the amount of overburden (see Sections SCR.1.4.3.2 and SCR.1.4.3.3). The extent 
of natural changes in stress is expected to be small, and naturally induced changes in fractures 
that may affect groundwater flow or radionuclide transport in the region of the WIPP, 
therefore, have been eliminated from performance assessment calculations on the basis of low 
consequence to the performance of the disposal system. 

The formation of fractures requires larger changes in stress than are required for changes to 
the properties of existing fractures to overcome the shear and tensile strength of the rock. The 
regional tectonic setting of the Delaware Basin is described in Section 2.1.5. It is concluded 
that no significant changes in regional stress are expected over the regulatory period (see also 
Section SCR. 1.1.2). The formation of new fracture sets has therefore been eliminated from 
performance assessment calculations on the basis of a low probabilitv of occurrence over 
10,000 years. 

Repository-induced fracturing of the DRZ and Salado interbeds is accounted for in 
performance assessment calculations, and is discussed in Section SCR.2.3.1. 

SCR.1 .l.3.3 Fault Movement 

The naturally induced formation of new faults and fault movement of sufJicient magnitude to 
significantly affect the performance of the disposal system have been eliminatedfrom -> 

performance assessment calculations on the basis of low probability of occurrence over 
10,000 years. 

Faults are present in the Delaware Basin in both the units underlying the Salado and in the 
Permian evaporite sequence (see Section 2.1.5.2). According to Powers et al. (1978,4 - 57, 
included as Appendix GCR), there is evidence that movement along faults within the pre- 
Permian units affected the thickness of Early Permian strata, but these faults did not exert a 
structural control on the deposition of the Castile, the Salado, or the Rustler. Fault zones 
along the margins of the Delaware Basin were active during the Late Permian Period. Along 
the eastern margin, where the Delaware Basin flanks the Central Basin Platform, Holt and 
Powers (Appendix FAC, 4 - 14) note that there is displacement of the Rustler, and Schiel 
(1994) notes that there is thinning of the Dewey Lake. There is, however, no surface 
displacement along the trend of these fault zones, indicating that there has been no significant 
Quaternary movement. Muehlberger et al. (1978, 338) note that the nearest faults on which 
Quaternary movement has been identified lie to the west of the Guadalupe Mountains. 

The absence of Quaternary fault scarps and the general tectonic setting and understanding of 
its evolution indicate that large-scale, tectonically-induced fault movement within the 
Delaware Basin can be eliminated from performance assessment calculations on the basis of 
low probability over 10,000 years. The stable tectonic setting also allows the formation of 
new faults within the basin over the next 10,000 years to be eliminated from performance 
assessment calculations on the basis of low probability of occurrence. 
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Subsidence above natural dissolution features could lead to the formation of. and movement 
along, local faults. However, significant dissolution in the region of the waste panels has been 
eliminated from performance assessment calculations on the basis of low probability of 
occurrence over 10,000 years (see Section SCR.1.1.5.1), so faults arising from dissolution 
have also been eliminated on the basis of low probability of occurrence. 

SCR.I.I.3.4 Seismic Activify 

The postclosure effects of seismic activity on the repository and the DRZ are accounted for in 
perjormance assessment calculations. 

This section is concemed with the effects of seismic activity away from the immediate source 
region, and only the effects of groundshaking and earthquakes are discussed. Other sections 
discuss the direct effects of fault movement (SCR.1.1.3.3). and ch,u~ges in hydrogeology 
induced by seismic activity (SCR. 1.2.2.5). 

SCR.I.1.3.4.1 Causes of Seismic Activity 

Seismic activity describes transient ground motion that may be generated by several energy 
sources. There are two possible causes of seismic activity that could potentially affect the 
WIPP site: natural and human induced. Natural seismic activity is caused by fault movement 
(earthquakes) when the buildup of strain in rock is released through sudden rupture or 
movement. Human-induced seismic activity may result from a variety of surface and 
subsurface activities, such as explosions, mining, fluid injection, and fluid withdrawal that 
discussed in Section SCR.3. 

SCR. 1.1.3.4.2 Groundshaking 

Ground vibration and the consequent shaking of buildings and other structures are the most 
obvious effects of seismic activity. Once the repository and shafts have been sealed, however, 
existing surface structures will be dismantled. Postclosure performance assessments are 
concemed with the effects of seismic activity on the closed repository. 

In regions of low and moderate seismic activity, such as the Delaware Basin, rocks behave 
elastically in response to the passage of seismic waves, and there are no long-term changes in 
rock properties, and the effects of earthquakes beyond the DRZ have been eliminated from 
performance assessment calculations on the basis of low consequence to the performance of 
the disposal system. An inelastic response, such as cracking, is only possible where there are 
free surfaces, as in the roof and walls of the repository prior to closure by creep. Seismic 
activity could, therefore, have an effect on the properties of the DRZ. 

An assessment of the extent of damage in underground excavations caused by groundshaking 
largely depends on observations from mines and tunnels. Because such excavations tend to 
take place in rock types more brittle than halite, these observations cannot be related directly 
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to the behavior of the WIPP. According to Wallner (1981,244), the DRZ in brittle rock types 
is likely to be more highly fractured and hence more prone to spalling and rockfalls than an 
equivalent zone in salt. Relationships between groundshaking and subsequent damage 
observed in mines will therefore be conservative with respect to the extent of damage induced 
at the WIPP by seismic activity. 

Dowding and Rozen (1978) classified damage in underground structures following seismic 
activity and found that no damage (cracks, spalling, or rockfalls) occurred at accelerations 
below 0.2 gravities and that only minor damage occurred at accelerations up to 0.4 gravities. 
Lenhardt (1988,392) showed that a magnitude 3 earthquake would have to be within 0.6 mile 
(1 kilometer) of a mine to result in falls of loose rock. The risk of seismic activity in the 
region of the WIPP reaching these thresholdsis discussed below. 

SCR.I.I.3.4.3 Seismic Risk in the Region of the WIPP 

Prior to the introduction of a seismic monitoring network in 1960, most recorded earthquakes 
in New Mexico were associated with the Rio Grande Rift, although small earthquakes were 
detected in other parts of the region. In addition to continued activity in the Rio Grande Rift, 
the instrumental record has shown a significant amount of seismic activity originating from 
the Central Basin Platform and a number of small earthquakes in the Los Medaiios area. 
Seismic activity in the Rio Grande Rift is associated with extensional tectonics m that area. -? 
Seismic activity in the Central Basin Platform may be associated with natural earthquakes, but 
there are also indications that this activity occurs in association with oil-field activities such as 
fluid injection. Small earthquakes in the Los Medafios region have not been precisely located, 
but may be the result of mining activity in the region. Section 2.6.2 contains additional 
discussion of seismic activity and risk in the WIPP region. 

The instrumental record was used as the basis of a seismic risk study primarily intended for 
design calculations of surface facilities rather than for postclosure performance assessments. 
The use of this study to define probable ground accelerations in the WIPP region over the next 
10,000 years is based on the assumptions that hydrocarbon extraction and potash mining will 
continue in the region and that the regional tectonic setting precludes major changes over the 
next 10,000 years. 

Three source regions were used in calculating seismic risk: the Rio Grande Rift, the Central 
Basin Platform, and part of the Delaware Basin province (including the Los M e d ~ o s ) .  Using 
conservative assumptions about the maximum magnitude event in each zone, the study 
indicated a return period of about 10,000 years (annual probability of occurrence of for 
events producing ground accelerations of 0.1 gravities. Ground accelerations of 0.2 gravities 
would have an annual probability of occurrence of about 5 x 

The results of the seismic risk study and the observations of damage in mines due to 
groundshaking, give an estimated annual probability of occurrence of between and lo-@ -.. 

for events that could increase the permeability of the DRZ. The DRZ is accounted for in 
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performance assessment calculations as a zone of permanently high permeal~ility (see 
Section 6.4.5.3); this treatment is considered to account for the effects of any potential seismic 
activity. 

SCR. 1.1.4 Crustal Processes 

SCR.I.I.4.1 Igneous ActiviQ 

Volcanic activity has been eliminated fromperfoiinance assessment calculations on the basis 
of low probability of occurrence over 10,000 years. The effects of magmatic: activity have 
been eliminated from the performance assessment calculations on the basis of low 
consequence to the performance of the disposal system. 

SCR.I.I.4.1.1 Volcanic Activity 

The Paleozoic and younger stratigraphic sequences within the Delaware Basin are devoid of 
locally derived volcanic rocks. Volcanic ashes (dated at 13 million years and 0.6 million year) 
do occur in the Gatuiia Formation (hereafter referred to as the Gatuiia), but these are not 
locally derived. Within eastern New Mexico and northern, central, and western Texas, the 
closest Tertiary volcanic rocks with notable areal extent or tectonic significance to the WIPP 
are approximately 100 miles (160 kilometers) to the south in the Davis Mountains volcanic 
area. The closest Quaternary volcanic rocks are 150 miles (250 kilometers) to the northwest 
in the Sacramento Mountains. No volcanic rocks are exposed at the surface within the 
Delaware Basin. 

Volcanic activity is associated with particular tectonic settings: constructive: and destructive 
plate margins, regions of intraplate rifting, and isolated hot-spots in intraplate regions. The 
tectonic setting of the WIPP site and the Delaware Basin is remote from plate margins, and 
the absence of past volcanic activity indicates the absence of a major hot spot in the region. 
Intraplate rifting has taken place along the Rio Grande some 120 miles (200 kilometers) west 
of the WIPP site during the Tertiary and Quaternary Periods. Igneous activi~y along this rift 
valley is comprised of sheet lavas intruded on by a host of small-to-large plugs, sills, and other 
intrusive bodies. However, the geological setting of the WIPP site within th'e large and stable 
Delaware Basin allows volcanic activity in the region of the WIPP repository to be eliminated 
from performance calculations on the basis of low probability of occurrence over the next 
10,000 years. 

SCR.I.1.4.1.2 MagmaticActivity 

Magmatic activity is defined as the subsurface intrusion of igneous rocks icto country rock. 
Deep intrusive igneous rocks crystallize at depths of several kilometers and have no surface or 
near-surface expression until considerable erosion has taken place. Alternatively, intrusive 
rocks may form from magma that has risen to near the surface or in the vents that give rise to 
volcanoes and lava flows. Magma near the surface may be intruded along subvertical and 
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subhorizontal discontinuities (forming dikes and sills, respectively), and magma in volcanic 
vents may solidify as plugs. The formation of such features close to a repository or the 
existence of a recently intruded rock mass could impose thermal stresses inducing new 
fractures or altering the hydraulic characteristics of existing fractures. 

The principal area of magmatic activity in New Mexico is the Rio Grande Rift, where 
extensive intrusions occurred during the Tertiary and Quaternary Periods. The Rio Grande 
Rift, however, is in a different tectonic province than the Delaware Basin, and its magmatic 
activity is related to the extensional stress regime and high heat flow in that region. 

Within the Delaware Basin, there is a single identified outcrop of a lamprophyre dike about 
40 miles (70 kilometers) southwest of the WIPP (see Section 2.1.5.4 and Appendix GCR for 
more detail). Closer to the WIPP site, similar rocks have been exposed within potash mines 
some 10 miles (15 kilometers) to the northwest, and igneous rocks have been reported from 
petroleum exploration boreholes. Material from the subsurface exposures has been dated at 
around 35 million years. Some recrystallization of the host rocks took place alongside the 
intrusion, and there is evidence that minor fracture development and fluid migration also 
occurred along the margins of the intrusion. However, the fractures have been sealed, and 
there is no evidence that the dike acted as a conduit for continued fluid flow. 

Aeromagnetic surveys of the Delaware Basin have shown anomalies that lie on a linear 
southwest-northeast trend that coincides with the surface and subsurface exposures of 
magmatic rocks. There is a strong indication therefore of a dike or a closely related set of 
dikes extending for at least 70 miles (120 kilometers) across the region (see Section 2.1.5.4). 
The aeromagnetic survey conducted to delineate the dike showed a magnetic anomaly that is 
several miles (several kilometers) wide at depth and narrows to a thin trace near the surface. 
This pattern is interpreted as the result of an extensive dike swarm at depths of less than 2.5 
miles (approximately 4.0 kilometers) near the Precambrian basement, from which a limited 
number of dikes have extended towards the surface. 

Magmatic activity has taken place in the vicinity of the WIPP site in the past, but the igneous 
rocks have cooled over a long period. Any enhanced fracturing or conduits for fluid flow 
have been sealed by salt creep and mineralization. Continuing magmatic activity in the Rio 
Grande Rift is too remote from the WIPP location to be of consequence to the performance of 
the disposal system. Thus, the effects of magmatic activity have been eliminated from 
performance assessment calculations on the basis of low consequence to the performance of - 
the disposal system. 

SCR. 1.1.4.2 Metamorphism 

Metamorphic activiry has been eliminated from performance assessment calculations on the 
basis of low probability of occurrence over the next 10,000 years. 
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Metamorphic activity, that is, solid state recrystallization changes to rock properties and 
geologic structures through the effects of heat andlor pressure, requires depths of burial much 
greater than the depth of the repository. Regional tectonics that would result in the burial of 
the repository to the depths at which the repository would be affected by metamorphic activity 
have been eliminated from performance assessment calculations on the basis of low 
probability of occurrence; therefore, metamorphic activity has also been eliminated from 
performance assessment calculations on the basis of low probability of occurrence over the 
next 10,000 years. 

SCR. 1.1.5 Geochemical FEPs 

SCR.l.I.5.1 Dissolution 

Shallow dissolution is accounted for in performance assessment ca1culation.s. Deep 
dissolution and the formation of associated features (for example, solution chimneys, breccia 
pipes, collapse breccias) at the WIPP site have been eliminated from performance assessment 
calculations on the basis of low probability of occurrence over the next 10,000 years. Lateral 
dissolution has been eliminated from performance assessment calculations on the basis of low 
consequence to the performance of the disposal system. 

This section discusses a variety of styles of dissolution that have been active in the region of 
the WIPP or in the Delaware Basin. A distinction has been drawn between shallow 
dissolution, involving percolation of groundwater and mineral dissolution in the Rustler; 
lateral dissolution, involving dissolution at the top of the Salado; and deep dissolution 
taking place in the Castile and the base of the Salado. Dissolution will initially enhance 
porosities, but continued dissolution may lead to compaction of the affected units with a 
consequent reduction in porosity. Compaction may result in fracturing of overlying brittle 
units and increased permeability. Extensive dissolution may create cavities ((karst) and result 
in the total collapse of overlying units. This topic is discussed further in Section 2.1.6.2. 

SCR. 1.1.5.1.1 Shallow Dissolution 

Flow through fractures is an important contributor to groundwater flow in the Culebra and 
other units of the Rustler, and the conductivity of fractures is the principal control of this flow. 
East of the WIPP site, a significant proportion of the fractures within the Culebra are infilled 
with secondary gypsum (see Figure 2-12), whereas to the west of the site most fractures are 
open. This distribution of infilled fractures closely parallels the spatial variability of lateral 
transmissivity in the Culebra (Figure 2-30) and is accounted for in performance assessment 
calculations through the use of geostatistically conditioned transmissivity fields 
(Section 6.4.6.2). 

Groundwater basin modeling indicates that the Culebra becomes progressively more confined 
toward the east. This corresponds to an increase in the overburden towards the east and a 
decrease in the fracturing associated with dissolution at the Rustler - Salado boundary. The 
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analysis presented below indicates that the lateral extent of dissolution at the top of the Salado 
is not expected to reach the edge of the controlled area for some 225,000 years, and the rates 
of erosion in this region (see Section SCR. 1.4.3.2) are very low. The pattern of vertical 
transmissivity in the Rustler is therefore not expected to change significantly during the next 
10,000 years, and neither the degree of confinement of the Culebra nor the pattern of open 
fractures in this unit will undergo significant change during this period. 

Percolating groundwater will resuh in some dissolution and precipitation of fracture infills 
over the next several climate cycles. The present pattern of secondary gypsum in fractures 
within the Culebra is considered to be the result of changes in precipitation and recharge over 
many climate cycles and a similar degree of spatial variability is anticipated to persist into the 
future. The pattern of secondary gypsum is not considered to be the result of progressive 
movement of a dissolution front across the area, and the extent of changes in lateral 
transmissivity in the Culebra will be within the degree of uncertainty accounted for by the use 
of conditioned transmissivity fields. 

Thus, the existing features associated with shallow dissolution and changes due to further 
shallow dissolution are accounted for in performance assessment calculations through the use 
of multiple transmissivity fields. 

SCR.1.1.5.1.2 Lateral Dissolution 

Lateral dissolution takes place when percolating groundwater dissolves halite at the top of the 
Salado, causing collapse of the overlying Rustler with consequent changes in hydrogeological 
properties. Nash Draw, some 5 miles (8 kilometers) to the west of the WIPP site, is the most 
prominent lateral dissolution feature in the region. An average lateral dissolution rate of from 
6 to 8 miles (10 to 13 kilometers) per million years has been calculated by Bachman et al. 
(1973.39) for the Salado based on the assumption that the edge of the salt has rnoved from the 
Capitan Reef to its present position over the past 7 to 8 million years. A vertical dissolution 
rate of 0.06 mile (0.1 kilometer) per million years has similarly been calculated by Bachman 
(1974,71; 1980,97; 1981,3) using dated ash layers. Although these are average rates and 
may be exceeded during particular climate states or by advancing tongues ahead of the main 
dissolution front, these rates indicate that dissolution of the Salado at the edge of the WIPP 
site would not take place for some 225,000 years, and an additional 2 to 3 million years would 
be required for dissolution to reach the repository horizon. 

Lateral dissolution may also have affected the Rustler directly. In the vicinity of Nash Draw, 
halite is absent from all the units of the Rustler. Further east, towards the WIPI' site, halite 
progressively appears in younger units. This has led many investigators to conclude that 
halite has been dissolved from the Rustler by groundwater (see, for example, Lambert 1983, 
Bachman 1984, and Lowenstein 1987). A sedimentological analysis of the Rustler in 1988 
led Holt and Powers (Appendix FAC) to conclude that halite had either not been formed or 
had dissolved soon after deposition and, therefore, that only limited lateral dissolution has 
occurred since Permian times. Even if post-depositional dissolution has taken place, the 
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period over which it occurred is longer than the regulatory period. Lateral dissolution has 
therefore been eliminated from performance assessment calculations on the basis of low 
consequence to the performance of the disposal system. 

SCR. 1.1.5.1.3 Deep Dissolution 

Deep dissolution refers to the dissolution of salt or other evaporite minerals in a formation at 
depth (see Section 2.1.6.2). Deep dissolution is distinguished from shallow and lateral 
dissolution not only by depth, but also by the origin of the water. Dissolution by groundwater 
from deep water-bearing zones can lead to the formation of cavities. Collapse of overlying 
beds leads to the formation of collapse breccias if the overlying rocks are brittle or to 
deformation if the overlying rocks are ductile. If dissolution is extensive, breccia pipes or 
solution chimneys may form above the cavity. These pipes may reach the surface or pass 
upwards into fractures and then into microcracks that do not extend to the surface. Breccia 
pipes may also form through the downward percolation of meteoric waters, as discussed 
earlier. Deep dissolution is of concern because it could accelerate contaminant transport 
through the creation of vertical flow paths that bypass low-permeability units in the Rustler. 
If dissolution occurred within or beneath the waste panels themselves, there could be 
increased circulation of groundwater through the waste as well as a breach of the Salado host 
rock. 

Features identified as being the result of deep dissolution are present along the northern and 
eastern margins of the Delaware Basin. In addition to features that have a surface expression 
or that appear within potash mine workings, deep dissolution has been cited by Anderson et 
al. (1972, 81) as the cause of lateral variability within evaporite sequences in the lower 
Salado. Observations concerning various features ascribed to deep dissolution are considered 
in the following subsections. 

SCR. 1.1.5.1.4 Solution Chimneys 

Exposures of the McNutt Potash Member of the Salado within a mine near Nash Draw have 
shown a solution pipe containing cemented brecciated fragments of formations higher in the 
stratigraphic sequence. At the surface, this feature is marked by a dome, and similar domes 
have been interpreted as dissolution features. The depth of dissolution has not been 
confirmed, but the collapse structures led Anderson (1978,52) and Snyder et al. (1982,65) to 
postulate dissolution of the Capitan Limestone at depth; collapse of the Salado, Rustler, and 
younger formations; and subsequent dissolution and hydration by downward percolating 
waters. San Simon Sink (see Section 2.1.6.2), some 20 miles (35 kilometers) east-southeast 
of the WIPP site, has also been interpreted as a solution chimney. Subsidence has occurred 
there in historical times according to Nicholson and Clebsch (1961, 14), suggesting that 
dissolution at depth is still taking place. Whether this is the result of downwards-percolating 
surface water or of deep groundwater has not been confirmed. The association of these 
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dissolution features with the inner margin of the Capitan Reef suggest that they owe their 
origins, if not their continued development, to groundwaters derived from the Capitan 
Limestone. 

SCR.I.I.5.1.5 Dissolution within the Castile and Lower Salado Formations 

The Castile contains sequences of varved anhydrite and carbonate (that is, laminae deposited 
on a cyclical basis) that can be correlated between several boreholes. On the basis of these 
deposits, a basin-wide uniformity in the depositional environment of the Castile evaporites 
was assumed. The absence of varves from all or part of a sequence and the presence of 
brecciated anhydrite beds have been interpreted by Anderson et al. (1972) as evidence of 
dissolution. Holt and Powers (Appendix FAC) have questioned the assumption of a uniform 
depositional environment and contend that the anhydrite beds are lateral equivalents of halite 
sequences without significant postdepositional dissolution. Wedges of brecciated anhydrite 
along the margin of the Castile have been interpreted by Robinson and Powers (1987,78) as 
gravity-driven clastic deposits, rather than the result of deep dissolution. 

Localized depressions at the top of the Castile and inclined geophysical marker units at the 
base of the Salado have been interpreted by Davies (1983,45) as the result of deep dissolution 
and subsequent collapse or deformation of overlying rocks. The postulated cause of this 
dissolution was circulation of undersaturated groundwaters from the Bell Canyon Formation 
(hereafter referred to as the Bell Canyon). Additional boreholes (notably WIPP-13, WIPP-32, -\, 

and DOE-2) and geophysical logging led Boms and Shaffer (1985) to conclude that the 
features interpreted by Davies as being dissolution features are the result of irregularities at 
the top of the Bell Canyon. These irregularities led to localized depositional thckening of the 
Castile and lower Salado sediments. 

SCR.I.I.5.1.6 Collapse Breccias at Basin Margins 

Collapse breccias are present at several places around the margins of the Delaware Basin. 
Their formation is attributed to relatively fresh groundwater from the Capitan Limestone that 
forms the margin of the basin. Collapse breccias corresponding to features on geophysical 
records that have been ascribed to deep dissolution have not been found in boreholes away 
from the margins. These features have been reinterpreted as the result of early dissolution 
prior to the deposition of the Salado. This topic is discussed further in Section 2.1.6.2. 

SCR.1 .IS.I .  7 Summary of Deep Dissolution 

Deep dissolution features have been identified within the Delaware Basin, but only in 
marginal areas underlain by Capitan Reef. There is a low probability that deep dissolution 
will occur sufficiently close to the waste panels over the regulatory period to affect 
groundwater flow in the immediate region of the WIPP. Deep dissolution at the WIPP site 
has therefore been eliminated from performance assessment calculations on the basis of low 
probability of occurrence over the next 10,000 years. 
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The effects of fracture infills have been eliminated from performance assessment calculations 
on the basis of beneficial consequence to the performance of the disposal system. 

Precipitation of minerals as fracture infills can reduce hydraulic conductivil:ies. The 
distribution of infilled fractures in the Culebra closely parallels the spatial variability of lateral 
transmissivity in the Culebra (see Section SCR.1.1.5.1). The secondary gypsum veins in the 
Rustler have not been dated. Strontium isotope studies (Siege1 et al. 1991, 5-53 to 5-57) 
indicate that the infilling minerals are locally derived from the host rock rather than 
extrinsically derived, and it is inferred that they reflect an early phase of mineralization and 
are not associated with recent meteoric waters. 

Stable isotope geochemistry in the Rustler has also provided information on mineral stabilities 
in these strata. Both Chapman (1986,31) and Lambert and Harvey (1987,207) imply that the 
mineralogical characteristics of units above the Salado have been stable or subject to only 
minor changes under the various recharge conditions that have existed.durin;; the past 0.6 
million year-the period since the formation of the Mescalero calicbe and the establishment 
of a pattern of climate change and associated changes in recharge that led to present-day 
hydrogeological conditions. No changes in climate are expected other than those experienced 
during this period, and for this reason, no changes are expected in the mineralogical 
characteristics other than those expressed by the existing variability of fracture infills and 
diagenetic textures. Formation of fracture infills will reduce transmissivities and will 
therefore be of beneficial consequence to the performance of the disposal sys.tem. 

SCR.1.2 Subsurface Hydrological FEPs 

This section discusses FEPs relating to the natural groundwater system at the WIF'P site and 
FEPs that may lead to changes in its flow and chemical characteristics. 

SCR. 1.2.1 Groundwater Characteristics 

Saturated groundwater flow, unsaturated groundwater flow, fracture flow, and the effects of 
preferential pathways are accounted for in performance assessment calculations. Densify 
effects on groundwater flow have been eliminated from performance assessment calculations 
on the basis of low consequence to the performance ofthe disposal system. 

Saturated groundwater flow, unsaturated groundwater flow, and fracture flow are 
accounted for in performance assessment calculations. Groundwater flow is discussed in 
Sections 2.2.1, 6.4.5, and 6.4.6. 

The most transmissive unit in the Rustler, and hence the most significant potential pathway 
for transport of radionuclides to the accessible environment, is the Culebra. The properties of 
Culebra groundwaters are not homogeneous, and spatial variations in groundwater density 
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(Section 2.2.1.4.1.2) could influence the rate and direction of groundwater flow. A 
comparison of the gravity-driven flow component and the pressure-driven component in the 
Culebra, however, shows that only in the region to the south of the WIPP are head gradients 
low enough for density gradients to be significant (Davies 1989,53). Accounting for this 
variability would rotate groundwater flow vectors towards the east (down-dip) and hence fluid 
in the high transmissivity zone would move away from the zone. Excluding brine density 
variations within the Culebra from performance assessment calculations is therefore a 
conservative assumption, and density effects on groundwater flow have been eliminated 
from performance assessment calculations on the basis of low consequence to the 
performance of the disposal system. 

The hydrogeologic properties of the Culebra are also spatially variable. This variability, 
including the effects of preferential pathways, is accounted for in performance assessment 
calculations in the estimates of transmissivity and aquifer thickness. 

SCR.1.2.2 Changes in Groundwater Flow 

Changes in groundwaterflow arising from saline intrusion, freshwater intrusion, or natural 
gas intrusion have been eliminated from performance assessment calculations on the basis of 
a low probability of occurrence over 10,000 years. Natural thermal effects on groundwater 
flow have been eliminated from performance assessment calculations on the basis of low 
consequence to the performance of the disposal system. A hydrological response to 
earthquakes has been eliminated from performance assessment calculations on the basis of 
low consequence to the performance of the disposal system. 

SCR.1.2.2.1 Saline Intrusion 

No natural events or processes have been identified that could result in saline intrusion into 
units above the Salado or cause a significant increase in fluid density. Natural saline intrusion 
has therefore been eliminated from performance assessment calculations on the basis of low 
probability of occurrence over the next 10,000 years. Saline intrusion arising from human- 
initiated events such as drilling into a pressurized brine pocket is discussed in Section 
SCR.3.3. 

SCR.1.2.2.2 Freshwater Intrusion 

A number of FEPs, including climate change, can result in changes in infiltration and recharge 
(see Section SCR.1.5.3). These changes will affect the height of the water table and hence 
could affect groundwater flow in the Rustler through changes in head gradients. The 
generally low transmissivity of the Dewey Lake and the Rustler, however, will prevent any 
significant changes in groundwater density from occurring within the Culebra over the 
timescales for which increased precipitation and recharge are anticipated. No other natural 
events or processes have been identified that could result in freshwater intrusion into units -. 
above the Salado or cause a significant decrease in fluid density. Freshwater intrusion has 
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therefore been eliminated from performance assessment calculations on the basis of low 
probability of occurrence over the next 10,000 years. 

SCR.1.2.2.3 Thermal Effects 

The geothermal gradient in the region of the WIPP has been measured at about 50°C per mile 
(30°C per kilometer). Given the generally low permeability in the region, and the limited 
thickness of units in which groundwater flow occurs (for example the Culebl-a), natural 
convection will be too weak to have a significant effect on groundwater flow. No natural 
FEPs have been identified that could significantly alter the temperature distribution of the 
disposal system or give rise to thermal effects on groundwater flow. Such effects have 
therefore been eliminated from performance assessment calculations on the basis of low 
consequence to the performance of the disposal system. 

SCR.1.2.2.4 Natural Gas Intrusion 

Hydrocarbon resources are present in formations beneath the WIPP (Section 2.3.1.2), and 
natural gas is extracted from the Morrow Formation. These reserves are, however, some 
14,000 feet (4,200 meters) below the surface, and no natural events or processes have been 
identified that could result in natural gas intrusion into the Salado or the units above. 
Natural gas intrusion has therefore been eliminated from performance assessment calculations 
on the basis of low probability of occurrence over the next 10,000 years. 

SCR.1.2.2.5 Hvdrolo~ical Effects ofseismic ActiviQ 

There are a variety of hydrological responses to earthquakes. Some of these responses, 
such as changes in surface-water flow directions, result directly from fault movement. Others, 
such as changes in subsurface water chemistry and temperature, probably result from changes 
in flow pathways along the fault or fault zone. According to Bredehoeft et al. (1987, 139), 
further away from the region of fault movement two types of changes to groundwater levels 
may take place as a result of changes in fluid pressure: 

The passage of seismic waves through a rock mass causes a volume change, inducing a 
transient response in the fluid pressure, which may be observed as a short-lived 
fluctuation of the water level in wells. 

Changes in volume strain can cause long-term changes in water level. A buildup of 
strain occurs prior to rupture and is released during an earthquake. The consequent 
change in fluid pressure may be manifested by the drying up or reactivation of springs 
some distance from the region of the epicenter. 

Fluid pressure changes induced by the transmission of seismic waves can produce changes of 
up to several meters in groundwater levels in wells, even at distances of thousands of - 
kilometers from the epicenter. These changes are temporary, however, and levels typically 
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return to pre-earthquake levels in a few hours or days. Changes in fluid pressure arising from 
changes in volume strain persist for much longer periods, but they are only potentially 
consequential in tectonic regimes where there is a significant buildup of strain. The regional 
tectonics of the Delaware Basin indicate that such a buildup has a low probability of occurring 
over the next 10,000 years (Section SCR. 1.1.2). 

The expected level of seismic activity in the region of the WIPP will be of low consequence to 
the performance of the disposal system in terms of groundwater flow or contaminant 
transport. Changes in groundwater levels resulting from more distant earthquakes will be too 
short in duration to be significant. Thus, the hydrological effects of earthquakes have been 
eliminated from performance assessment calculations on the basis of low consequence to the 
performance of the disposal system. n 
SCR.Z.3 Subsurface Geochemical FEPs 

SCR. 1.3.1 Groundwater Geochemistry 

Groundwater geochemistry in the hydrological units ofthe disposal system is accounted for in 
performance assessment calculations. 

The most important aspect of groundwater geochemistry in the region of the WIPP in terms - 
of chemical retardation and colloid stability is salinity. Groundwater geochemistry is 
discussed in detail in Sections 2.2 and 2.4 and summarized here. The Delaware Mountain 
Group, Castile, and Salado contain basinal brines. Waters in the Castile and Salado are at or 
near halite saturation. Above the Salado, groundwaters are also relatively saline, and 
groundwater quality is poor in all of the permeable units. Waters from the Culebra vary 
spatially in salinity and chemistry. They range from saline sodium chloride-rich waters to 
brackish calcium sulfate-rich waters. In addition, a range of magnesium to calcium ratios has 
been observed, and some waters reflect the influence of potash mining activities, having 
elevated potassium to sodium ratios. Waters from the Santa Rosa are generally of better 
quality than any of those from the Rustler. Salado and Castile brine geochemistry is 
accounted for in performance assessment calculations of the actinide source tenn (Section 
6.4.3.4). Culebra brine geochemistry is accounted for in the retardation factors used in 
performance assessment calculations of actinide transport (see Section 6.4.6.2). 

SCR. 1.3.2 Chanpes in Groundwater Chemistry 

The effects of saline orfreshwater intrusion and of dissolution on groundwater chemistry 
have been eliminated from performance assessment calculations on the basis of' low 
consequence to the performance of the disposal system. Changes in groundwater Eh and pH 
have been eliminated from performance assessment calculations on the basis of' low 
consequence to the performance of the disposal system. 
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Natural changes in the groundwater chemistry of the Culebra and other units that resulted 
from saline intrusion or freshwater intrusion could potentially affect chemical retardation 
and the stability of colloids. Changes in groundwater Eh and groundwater pH could also 
affect the migration of radionuclides (see Sections SCR.2.5.5 and SCR.2.5.6). No natural 
events or processes have been identified that could result in saline intrusion into units above 
the Salado, and the magnitude of any natural temporal variation due to the effects of 
dissolution on groundwater chemistry, or due to changes in recharge is likely to be no greater 
than the present spatial variation. These FEPs related to the effects of future natural changes 
in groundwater chemistrv have been eliminated from ~erformance assessment calculations on 

Relevant aspects of the physiography, geomorphology, and topography of the region around 
the WZPP are accounted for in performance assessment calculations. 

Physiography and geomorphology are discussed in detail in Section 2.1.4, and are accounted 
for in the setup of the performance assessment calculations (Section 6.4.2). 

SCR. 1.4.2 Meteorite I m ~ a c t  

Disruption arising from the impact of a large meteorite has been eliminatedfrom 
performance assessment calculations on the basis of low probability of occurrence over 
10,000 years. 

Meteors frequently enter the earth's atmosphere, but most of these are small and bum up 
before reaching the ground. Of those that reach the ground, most produce only small impact 
craters that would have no effect on the postclosure integrity of a repository 2,150 feet 
(650 meters) below the ground surface. While the depth of a crater may be only one-eighth of 
its diameter, the depth of the disrupted and brecciated material is typically one-third of the 
overall crater diameter (Grieve 1987,248). Direct disruption of waste at the WIPP would 
only occur with a crater larger than 1.1 miles (1.8 kilometers) in diameter. Even if waste were 
not directly disrupted, the impact of a large meteorite could create a zone of fractured rocks 
beneath and around the crater. The extent of such a zone would depend on the rock type. For 
sedimentary rocks, the zone may extend to a depth of half the crater diameter or more (Dence 
et al. 1977, 263). The impact of a meteorite causing a crater larger than 0.6 mile (1 kilometer) 
in diameter could thus fracture the Salado above the repository. 

Geological evidence for meteorite impacts on earth is rare because many meteorites fall into 
the oceans and erosion and sedimentation serve to obscure craters that form on land. Dietz 
(1961) estimated that meteorites that cause craters larger than 0.6 mile (1 kilometer) in 
diameter strike the earth at the rate of about one every 16,000 years (equivalent to about 
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2 x 10." impacts per square kilometer per year). Using observations from the Canahan 
Shield, Hartmann (1965, 161) estimated a frequency of between 0.8 x lO-I3 and 17 x 10-l3 per 
square kilometer per year for impacts causing craters larger than 0.6 mile (1 kilometer). 
Frequencies estimated for larger impacts in studies reported by Grieve (1987,263) can be 
extrapolated to give a rate of about 1.3 x lo-'' per square kilometer per year for craters larger 
than 0.6 mile (1 kilometer). It is commonly assumed that meteorite impacts are randomly 
distributed across the earth's surface, although Halliday (1964, 267 - 277) calculated that the 
rate of impact in polar regions would be some 50 to 60 percent of that in equatorial regions. 
The frequencies reported by Grieve (1987) would correspond to an overall rate of about one 
per 1,000 years on the basis of a random distribution. 

Assuming the higher estimated impact rate of 17 x 10-13 impacts per square kilometer per year 
for impacts leading to fracturing of sufficient extent to affect a deep repository and assuming a 
repository footprint of 0.9 mile x 1 .O mile (1.4 kilometers x 1.6 kilometers) for the WIPP 
yields a frequency of about 4 x lo-'' impacts per year for a direct hit above the repository. 
This impact frequency is several orders of magnitude below the screening limit of per 
10,000 years provided in 40 CFR 3 194.32(d). 

Meteorite hits directly above the repository footprint are not the only impacts of concern, 
however, because large craters may disrupt the waste panels even if the center of the crater is 
outside the repository area. It is possible to calculate the frequency of meteorite impacts that -. 
could disrupt a deep repository such as the WIPP by using the conservative model of a 
cylinder of rock fractured to a depth equal to one-half the crater diameter, as shown in Figure 
SCR-1. The area within which a meteorite could impact the repository is calculated by 

D D SD = (L + 2x-) x (W + 2x-) , 
2 2 

where 
L = length of the repository footprint (kilometers) 
W = width of the repository footprint (kilometers) 
D = diarnebr of the impact crater (kilometers) 
S, = area of the region where the ciater would disrupt the repository (square 

kilometers). 

There are insufficient data on meteorites that have struck the earth to derive a distribution 
function for the size of craters directly. Using meteorite impacts on the moon as an analogy, 
however, Grieve (1987,257) derived the following distribution function: 

where 
F, = frequency of impacts resulting in craters larger than D (impacts per square 

kilometer per year). 
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Figure SCR-1. The Critical Region for Meteorite Impacts That Could 
Result in Fracturing of the Repository Horizon 

DOUCAO 1996-2184 SCR-23 October 1996 



Title 40 CFR Part 191 Compliance Certification Application e 

THIS PAGE INTENTIONALLY LEFT BLANK 

October 1996 DOWCAO 1996-21 84 



Title 40 CFR Part 191 Compliance Certification Application 

If f(D) denotes the frequency of impacts giving craters of diameter D, then the frequency of 
impacts giving craters larger than D is - 

F, = lf(D)dD 
D 

and 
f(D) = FIx1.8xD , 

where 
F,  = frequency of impacts resulting in craters larger than 1 kilometer (impacts per 

square kilometer per year) 
f(D) = frequency of impacts resulting in craters of diameter D (impacts per square 

kilometer per year). 

The overall frequency of meteorite impacts that could disrupt or fracture the repository is thus 
given by 

w. 

where 
h = depth to repository (kilometers) 
N = frequency of impacts leading to disruption of the repository (impacts per year) 

If it is assumed that the repository is located at a depth of 650 meters and ha:; a footprint area 
of 0.9 mile x 1.0 mile (1.4 kilometers x 1.6 kilometers) and that meteorites creating craters - 
larger than 1 kilometer in diameter hit the earth at a frequency (F,) of 17 x lo-" impacts per 
square kilometer per year, then the above equation gives a frequency of approximately 
1.3 x lo-" impacts per year for impacts disrupting the repository. If impacts are randomly 
distributed over time, this corresponds to a probability of 1.3 x 10.' over 10,000 years. 

Similar calculations have been performed that indicate rates of impact of between 10-l2 and 
10-13 per year for meteorites large enough to disrupt a deep repository (see, for example, 
Hartmann 1979, K2mbriinslesakerhet 1978, Claibome and Gera 1974, Cranwell et al. 1990, 
and Thome 1992). Meteorite impact can thus be eliminated from performance assessment 
calculations on the basis of low probability of occurrence over 10,000 years. 

Assuming a random or nearly random distribution of meteorite impacts, cratering at any 
location is inevitable given sufficient time. Although repository depth and host-rock lithology 
may reduce the consequences of a meteorite impact, there are no repository locations or 
engineered systems that can reduce the probability of impact over 10,000 years. 
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SCR.1.4.3 Denudation 

SCR. 1.4.3. I Weathering 

The effects of chemical and mechanical weathering have been eliminatedfram performance 
assessment calculations on the basis of low consequence to the performance of the disposal 
system. 

Mechanical weathering and chemical weathering are assumed to be occurring at or near the 
surface around the WIPP site, through processes such as exfoliation and leaching. The extent 
of these processes is limited and they will contribute little to the overall rate of erosion in the 
area or to the availability of material for other erosional processes. The effects of chemical 
and mechanical weathering have been eliminated from performance assessment calculations 
on the basis of low consequence to the performance of the disposal system. 

SCR.1.4.3.2 Erosion 

The effects offluvial and aeolian erosion and mass wasting in the region of the WIPP have 
been eliminated from performance assessment calculations on the basis of low consequence to 
the performance of the disposal system. 

The geomorphological regime on the Mescalero Plain (Los Medaiios) in the region of the 
WIPP is dominated by aeolian processes. Dunes are present in the area, and although some 
are stabilized by vegetation, aeolian erosion will occur as they migrate across the area. Old 
dunes will be replaced by new dunes, and no significant changes in the overall thickness of 
aeolian material are likely to occur. 

Currently, precipitation in the region of the WIPP is too low (about 13 inches [33 centimeters] 
per year) to cause perennial streams, and the relief in the area is too low for extensive sheet 
flood erosion during storms. An increase in precipitation to around 24 inches (61 centimeters) 
per year in cooler climatic conditions could result in perennial streams, but the nature of the 
relief and the presence of dissolution hollows and sinks will ensure that these streams remain 
small. Significant fluvial erosion is not expected during the next 10,000 years. 

Mass wasting (the downslope movement of material caused by the direct effect. of gravity) is 
important only in terms of sediment erosion in regions of steep slopes. In the vicinity of the 
WIPP, mass wasting will he insignificant under the climatic conditions expected over the next 
10,000 years. 

Erosion from wind, water, and mass wasting will continue in the WIPP region throughout the 
next 10,000 years at rates similar to those occurring at present. These rates are too low to 
affect the performance of the disposal system significantly. Thus, the effects of fluvial and 
aeolian erosion and mass wasting have been eliminated from, performance assessment 
calculations on the basis of low consequence to the performance of the disposal system. 
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SCR.I.4.3.3 Sedimentation 

The effects of aeolian, fluvial, and lacustrine deposition and sedimentation in the region of the 
WIPP have been eliminated from performance assessment calculations on the basis of low 
consequence to the performance of the disposal system. 

The geomorphological regime on the Mescalero Plain (Los Medaiios) in the region of the 
WIPP is dominated by aeolian processes, but although some dunes are stabilized by 
vegetation, no significant changes in the overall thickness of aeolian material are expected to 
occur. Vegetational changes during periods of wetter climate may further stabilize the dune 
fields, but aeolian deposition is not expected to significantly increase the overall thickness of 
the superficial deposits. 

The limited extent of water courses in the region of the WIPP, under both present-day 
conditions and under the expected climatic conditions, will restrict the amount of fluvial 
deposition and lacustrine deposition in the region. 

Mass wasting may be significant if it results in dams or modifies streams. In  the region 
around the WIPP, the Pecos River forms a significant water course some 12 miles 
(19 kilometers) away, but the broadness of its valley precludes either significant mass wasting 
or the formation of large impoundments. 

Sedimentation from wind, water, and mass wasting is expected to continue in the WIPP 
region throughout the next 10,000 years at the low rates similar to those occurring at present. 
These rates are too low to significantly affect the performance of the disposal system. Thus, 
the effects of aeolian, fluvial, and lacustrine deposition and sedimentation resulting from m 
wasting have been eliminated from performance assessment calculations on the basis of lo 
consequence. 

SCR. 1.4.4 Soil Develo~ment 

Soil development has been eliminated from performance assessment calculations on the basis 
of low consequence to the performance of the disposal system. 

The Mescalero caliche is a well-developed calcareous remnant of an extensive soil profile 
across the WIPP site and adjacent areas. Although this unit may be up to 10 feet (3 meters) 
thick. it is not continuous and does not prevent infiltration to the underlying formations. At . - 
Nash Draw, this caliche, dated in Lappin et al. (1989,2-4) at 410,000 to 510,000 years old, is 
present in collapse blocks, indicating some growth of Nash Draw in the late Pleistocene. - 
Localized gypsite spring deposits about 25,000 years old occur along the eas.tern flank of Nash 
Draw, but the springs are not currently active. The Berino soil, interpreted as 333,000 years 
old (Rosholt and McKinney 1980, Table 5), is a thin soil horizon above the Mescalero caliche. 
The persistence of these soils on the Livingston Ridge and the lack of defonnation indicates 
the relative stability of the WIPP region over the past half-million years. 
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Continued growth of caliche may occur in the future but will be of low cdnsequence in terms 
of its effect on infiltration. Other soils in the area are not extensive enough to affect the 
amount of infiltration that reaches underlying aquifers. Soil development has been 
eliminated from performance assessment calculations on the basis of low consequence to the 
performance of the disposal system. 

SCR.I.5 Surface Hydrological FEPs 

Stream and riverjlow has been eliminated from performance assessment calculations on the 
basis of low consequence to the performance of the disposal system. 

No perennial streams are present at the WIPP site, and there is no evidence in the literature 
indicating that such features existed at this location since the Pleistocene (see, for example, 
Powers et al. 1978; and Bachman 1974, 1981, and 1987). The Pecos River is approximately 
12 miles (19 kilometers) from the WIPP site and more than 300 feet (90 meters) lower in 
elevation. Stream and river flow have been eliminated from performance assessment 
calculations on the basis of low consequence to the performance of the disposal system. 

SCR. 1 S.2  Lacustrine 

The effects of surface water bodies have been eliminated frompe~ormance assessment 
calculations on the basis of low consequence to the performance of the disposal system, 

No standing surface water bodies are present at the WIPP site, and there is no evidence in 
the literature indicating that such features existed at this location during or after the 
Pleistocene (see, for example, Powers et al. 1978; and Bachman 1974, 1981, and 1987). In 
Nash Draw, lakes and spoil ponds associated with potash mines are located at elevations 
100 feet (30 meters) below the elevation of the land surface at the location of the waste panels. 
There is no evidence in the literature to suggest that Nash Draw was formed by stream erosion 
or was at any time the location of a deep body of standing water, although shallow playa lakes 
have existed there at various times. Based on these factors, the formation of large lakes is 
unlikely and the formation of smaller lakes and ponds is of little consequence to the 
performance of the disposal system. The effects of surface water bodies have therefore been 
eliminated from performance assessment calculations on the basis of low consequence to the 
performance of the disposal system. 

SCR. 1.5.3 Groundwater Rechar~e and Dischar~e 

Groundwater recharge, infiltration, and groundwater discharge are accounted for in 
performance assessment calculations. 
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The groundwater basin described in Section 2.2.1.4 is governed by flow from areas where the 
water table is high to areas where the water table is low. The height of the water table is 
governed by the amount of groundwater recharge reaching the water table. which in turn is a 
function of the vertical hydraulic conductivity and the partitioning of precipitation between 
evapotranspiration, runoff, and infiltration. Flow within the Rustler is also governed by the 
amount of groundwater discharge that takes place from the basin. In the region around the 
WIPP, the principal discharge areas are along Nash Draw and the Pecos River. Groundwater 
flow modeling accounts for infiltration, recharge, and discharge (Sections 2.2.1.4 and 
6.4.10.2). 

SCR.1.5.4 Changes in Surface Hydrology 

Changes in groundwater recharge and discharge arising as a result of climate change are 
accounted for in performance assessment calculations. The effects of riverjlooding and lake 
formation have been eliminated from performance assessment calculations on the basis of low 
consequence to the performance of the disposal system. 

Changes in recharge may affect groundwater flow and radionuclide transport in units such as 
the Culebra and Magenta dolomites. Changes in the surface environment driven by natural 
climate change are expected to occur over the next 10,000 years (see Section SCR. 1.6.2). 
Groundwater basin modeling (Section 2.2.1.4) indicates that a change in recharge will affect 
the height of the water table in the area of the WIPP, and that this will in turn affect the 
direction and rate of groundwater flow. 

The present-day water table in the vicinity of the WIPP is within the Dewey Lake at about 
3,215 feet (980 meters) above mean sea level (Section 2.2.1.4.2.1). An increase in recharge 
relative to present-day conditions would raise the water table, potentially as far as the ground 
surface locally. Similarly, a decrease in recharge could result in a lowering of the water tab 
The low transmissivity of the Dewey Lake and the Rustler ensures that any such lowering 
the water table will be at a slow rate, and lateral discharge from the groundwater basin is 
expected to persist for several thousand years after any decrease in recharge. Under the 
anticipated changes in climate over the next 10,000 years, the water table will not fall belo 
the base of the Dewey Lake, and dewatering of the Culebra is not expected to occur during 
this period (Section 2.2.1.4). 

Changes in groundwater recharge and discharge are accounted for in performance 
assessment calculations through definition of the boundary conditions for flow and transport 
in the Culebra (Section 6.4.9). 

Intermittent flooding of stream channels and the formation of shallow lakes will occur in the 
WIPP region over the next 10,000 years. These may have a short-lived and local effect on the 
height of the water table, but are unlikely to affect groundwater flow in the Culebra. 
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Future occurrences of playa lakes or other longer-term floods will be remote from the WIPP 
and will have little consequence on system performance in terms of groundwater flow at the 
site. There is no reason to believe that any impoundments or lakes could form over the WIPP 
site itself. Thus, river flooding and lake formation have been eliminated from performance 
assessment calculations on the basis of low consequence to the performance of the disposal 
system. 

SCR.1.6 Climatic FEPs 

This section discusses climate change and glaciation in the WIPP region, 

SCR. 1.6.1 Climate 

Precipitation and temperature are accounted for in performance assessment calculations. 

The climate and meteorology of the region around the WIPP are described in Section 2.5.2. 
Precipitation in the region is low (about 13 inches [33 centimeters] per year) and temperatures 
are moderate with a mean annual temperature of about 63 "F (17°C). Precipitation and 
temperature are important controls on the amount of recharge that reaches the groundwater 
system and are accounted for in performance assessment calculations by use of a sampled 
parameter for scaling flow velocity in the Culebra (Section 6.4.9 and Appendix PAR, 
Parameter 48). 

SCR. 1.6.2 Climate Change 

SCR.1.6.2.1 Meteoroloeical 

Climate change is accounted for in performance assessment calculations. 

Climate changes are instigated by changes in the earth's orbit, which affect the amount of 
insolation, and by feedback mechanisms within the atmosphere and hydrosphere. Models of 
these mechanisms, combined with interpretations of the geological record, suggest that the 
climate will become cooler and wetter in the WIPP region during the next 10,000 years as a 
result of natural causes. Other changes, such as fluctuations in radiation intensity from the 
sun and variability within the many feedback mechanisms, will modify this climatic response 
to orbital changes. The available evidence suggests that these changes will be less extreme 
than those arising from orbital fluctuations. 

The effect of a change to cooler and wetter conditions is considered to be an increase in the 
amount of recharge, which in turn will affect the height of the water table (see Section 
SCR.1.5.4). The height of the water table across the groundwater basin is an important 
control on the rate and direction of groundwater flow within the Culebra (see Section 2.2.1.4), 
and hence potentially on transport of radionuclides released to the Culebra through the shafts -> 

or intrusion boreholes. Climate change is accounted for in performance assessment 
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calculations through a sampled parameter used to scale groundwater flow velocity in the 
Culebra (Section 6.4.9 and Appendix PAR, Parameter 48). 

SCR.1.6.2.2 Glaciation 

Glaciation and the effects ofpermafrost have been eliminated from performance assessment 
calculations on the basis of low probabili~ of occurrence over 10,000 years. 

No evidence exists to suggest that the northern part of the Delaware Basin has been covered 
by continental glaciers at any time since the beginning of the Paleozoic Era. During the 
maximum extent of continental glaciation in the Pleistocene Epoch, glaciers extended into 
northeastern Kansas at their closest approach to southeastern New Mexico. There is no 
evidence that alpine glaciers formed in the region of the WIPP during the Pleistocene glacial 
periods. 

According to the theory that relates the periodicity of climate change to perturbations in the 
earth's orbit, a return to a full glacial cycle within the next 10,000 years is highly unlikely 
(Imbrie and Imbrie 1980,951). 

Thus, glaciation has been eliminated from performance assessment calculations on the basis 
of low probability of occurrence over the next 10,000 years. Similarly, a number of processes 
associated with the proximity of an ice sheet or valley glacier, such as permafrost and 
accelerated slope erosion (solifluction) have been eliminated from performance assessment 
calculations on the basis of low probability of occurrence over the next 10,000 years. 

SCR.l. 7 Marine FEPs - 
SCR.1.7.1 Seas 

The effects of estuaries, seas, and oceans have has been eliminated from performance 
assessment calculations on the basis of low consequence to the performance of the disposa 
system. 

The WIPP site is more than 480 miles (800 kilometers) from the Pacific Ocean and from the 
Gulf of Mexico. Estuaries and seas and oceans have therefore been eliminated from 
performance assessment calculations on the basis of low consequence to the disposal system. 

SCR. 1.7.2 Marine Sedimentolopy 

The effects of coastal erosion, and marine sediment transport and deposition have been 
eliminated from performance assessment calculations on the basis of low consequence to the 
performance of the disposal system. 
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The WIPP site is more than 480 miles (800 kilometers) from the Pacific Ocean and Gulf of 
Mexico. The effects of coastal erosion and marine sediment transport and deposition 
have therefore been eliminated from performance assessment calculations on the basis of low 
consequence to the performance of the disposal system. 

SCR. 1.7.3 Sea Level Chan~es  

The effects of both short-term and long-term sea level changes have been eliminated from 
perjormance assessment calculations on the basis of low consequence to the performance of 
the disposal system. 

The WIPP site is some 3,330 feet (1,015 meters) above sea level. Global sea level change 
may result in sea levels as much as 460 feet (140 meters) below that of the present day during 
glacial periods, according to Chappell and Shackleton (1986, 138). This can have marked 
effects on coastal aquifers. During the next 10,000 years, the global sea level can he expected 
to drop towards this glacial minimum, but this will not affect the groundwater system in the 
vicinity of the WIPP. Short-term changes in sea level, brought about by events such as 
meteorite impact, tsunamis, seiches, and hurricanes may raise water levels by several tens of 
meters. Such events have a maximum duration of a few days and will have no effect on the 
surface or groundwater systems at the WIPP site. Anthropogenic-induced global warming has 
been conjectured by Warrick and Oerlemans (1990,278) to result in longer-term sea level A 

rise. The magnitudk of this rise, however, is not expected to be more than a few meters, and 
such a variation will have no effect on the groundwater system in the WIPP reglon. Thus, the 
effects of both short-term and long-term sea level changes have been eliminated from 
performance assessment calculations on the basis of low consequence to the per.formance of 
the disposal system. 

SCR.l.8 Ecological FEPs 

SCR. 1.8.1 Flora and Fauna 

The eflects of the natural plants, animals, and microbes lflora and fauna) in the region ofthe 
WIPP have been eliminated from perjormance assessment calculations on the basis of low 
consequence to the performance of the disposal system. 

The terrestrial and aquatic ecology of the region around the WIPP is described in 
Section 2.4.1. The plants in the region are predominantly shrubs and grasses. The most 
conspicuous animals in the area are jackrabbits and cottontails. Microbes are presumed to be 
present within the thin soil horizons. The effects of this flora and fauna in the region have 
been eliminated from performance assessment calculations on the basis of low consequence to 
the performance of the disposal system. 
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SCR.1.8.2 Changes in Flora and Fauna 

The effects of natural ecological development likely to occur in the region oj'the WIPP have 
been eliminated from performance assessment calculations on the basis of low consequence to 
the performance ofthe disposal system. 

The region around the WIPP is sparsely vegetated as a result of the climate and poor soil 
quality. Wetter periods are expected during the regulatory period, but botanical records 
indicate that, even under these conditions, dense vegetation will not be present in the region 
(Swift 1992; see Appendix CLI, 17). The effects of the indigenous fauna are of low 
consequence to the performance of the disposal system and no natural events or processes 
have been identified that would lead to a change in this fauna that would be of consequence to 
system performance. Natural ecological development in the region of the WIPP has 
therefore been eliminated from performance assessment calculations on the basis of low 
consequence to the performance of the disposal system. 

SCR.2 Waste- and Repository-Induced FEPs 

In Section SCR.2, the DOE discusses waste- and repository-induced FEPs ir. the context of 
the FEP categorization scheme presented in Table SCR-2. Waste- and repository-induced 
FEPs are potentially relevant to the analyses conducted to evaluate compliance with 40 CFR 
5 191.13.40 CFR 5 191.15, and 40 CFR 5 191.24. Note that the categories concerned with 
geology and mechanics (SCR.2.3), hydrology and fluid dynamics (SCR.2.4). and 
geochemistry and chemistry (SCR.2.5) relate to structure, fluid flow, and fluid chemistry, 
respectively, within the repository and the rest of the disposal system. The categories 
concerned with contaminant transport modes (SCR.2.6) and processes (SCR.2.7), and ecology 
(SCR.2.8) relate to the potential migration of radionuclides through the disposal system to the 
accessible environment. FEPs presented in Table SCR-2 are printed in bold in the text of the 
FEP screening discussions. 

SCR.2.1 Waste and Repository Characteristics 

SCR.2.1.1 Repositow Characteristics 

The WIPP repository disposal geometry is accounted for in performance assessment 
calculations. 

Disposal geometry is described in Chapter 3.0 and is accounted for in the setup of 
performance assessment calculations (Section 6.4.3). 

SCR.2.1.2 Waste Characteristics 

The waste inventory and heterogeneity of the waste forms are accounted for in performance 
assessment calculations. 
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Table SCR-2. Waste- and Repository-Induced FEPs and Their Screening 
Classifications 

Screening Appendix SCR 
atures. Events, and Processes (FEPs) Classification Comments Section 

'ASTE AND REPOSITORY CHARACTERISTTCS 
Repository characteristics 

Disposal geometry UP 
Waste characteristics 

Waste inventory UP 
Heterogeneity of waste forms DP 

Container charactgristics 
Container form SO-C 
Container material inventory UP 

Seal characteristics 
Seal geometry UP 
Seal physical properties UP 
Seal chemical composition SO-C 

Backfill characteristics 
Backfill physical properties SO-C 
Backfill ehemical composition UP 

Postclosure monitoring 
Postclosure monitoring SO-C 

ADIOLOGICAL FEPS 
Radioactive decay 

Radionudlide decay and ingrowth UP 
Heat from radioactive decay 

Heat from radioactive decay SO-C 
Nuclear criticality 

Nuclear criticality: heat SO-P 
Radiological effeczs on material properties 

Radiological effects on waste SO-C 
Radiological effects on containers SO-C 
Radiological effects on seals SO-C 

EOLOGICAL AND MECHANICAL FEPS 
Excavation-induced fracturing 

Disturbed rock zone UP 
Excavation-induced changes in UP 
stress 

Rock creep 
Salt creep UP 
Changes in the stress field UP 

Roof falls 
Roof falls UP 

Subsidence 
Subsidence SO-C 
Large scale rock fracturing SO-P 

Beneficial SO- 
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Table SCR-2. Waste- and Repository-Induced FEPs and Their Screening 
Classifications (Continued) 

Screening Appendix SCR 
atures, Events, and Processes (FEPs) Classification Comments Section 

Effects of fluid pressure changes 
Disruption due to gas effects 
Pressurization 

Effects of explosions 
Gas explosions 
Nuclear explosions 

Thermal effects 
Thermal effects on material 
properties 
Thermally -induced stress changes 
Differing thermal expansion of 
repository components 

Mechanical effects on material properties 
Consolidation of waste 
Movement of containers 
Container integrity 
Mechanical effects of backfill 
Consolidation of seals 
Mechanical degradation of seals 
Investigation boreholes 
Underground boreholes 

UP 
SO-P 

SO-C 

sac 
SO-C 

UP 
SO-C 
SO-C Beneficial SO-C 
SO-C 
UP 
UP 
SO-C 
UP 

JBSURFACE HYDROLOGICAL AND n u m  DYNAMICAL FEPS 
Repository-induced flow 

Brine inflow UP 
Wicking UP 

Effects of gas generation 
Fluid flow due to gas production UP 

Thermal effects 
Convection SO-C 

EOCHEMICAL AND CHEMICAL FEPS /--\ 
Gas generation 

Microbial gas generation 
Degradation of organic material UP 
Effects of temperature on microbial UP 
gas generation '---' - - 
Effects of pressure on microbial SO-C 
gas generation 
Effects of radiation on microbial SO-C 
gas generation 
Effects of biofilms on microbial UP 
gas generation 
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Table SCR-2. Waste- and Repository-Induced FEPs and Their Screening 

Screening Appendix SCR 
eatures, Events, and Processes (FEPs) Classification Comments Section 

Corrosion 
Gases from metal col~osion 
Galvanic coupling 
Chemical effects of corrosion 

Radiolytic gas generation 
Radiolysis of brine 
Radiolysis of cellulose 
Helium gas production 
Radioactive gases 

Chemical speciation 
Speciation 

Kinetics of speciation 
Precipitation and dissolution 

Dissolution of waste 
Precipitation 
Kinetics of precipitation and 
dissolution 

Sorption 
Actinide sorption 

Kinetics of somtion 
Changes in sorptive surfaces 

Reduction-oxidation chemistry 
Effect of metal corrosion 
Reduction-oxidation fronts 
Reduction-oxidation kinetics 
Localized reducing zones 

Organic complexation 
Organic complexation 
Organic ligands 
Humic and fulvic acids 
Kinetics of organic complexation 

Exothermic reactions 
Exothermic reactions 
Concrete hydration 

Chemical effects on material properties 
Chemical degradation of seals 
Chemical degradation of backfill 

UP 
SO-P 
UP 

SO-C 
SO-C 
SO-C 
SO-C 

UP 

SO-C 

UP 
SO-C 
SO-C 

UP 

UP 
UP 

UP 
SO-P 
UP 
SO-C 

SO-C 
SO-C 
UP 
SO-C 

SO-C 
SO-C 

UP 
SO-C 

UP in disposal rooms 
and Culebra. SO-C 
elsewhere. and 
beneficial SO-C in 
cementitious seals. 

Beneficial SO-C 
Kinetics of waste 
dissolution is a 
beneficial SO-C 

UP in the Culebra and 
Dewey Lake. Beneficial 
SO-C elsewhere 

October 1996 SCR-36 DOE/CAO 1996-2184 



Title 40 CFR Part 191 Compliance Certif~cation Application 

Table SCR-2. Waste- and Repository-Induced FEPs and Their Screening 
Classifications (Continued) 

Screening Appendix SCR 
eatures. Events. and Processes (FEPs) Classification Comments Section 

Microbial growth on concrete UP 

ONTAMINANT TRANSPORT MODE FEPS 
Solute transport 

Solute transport 
Colloid transport 

Colloid transport 
Colloid formation and stability 
Colloid filtration 
Colloid sorption 

Particulate transport 
Suspensions of particles 

Rinse 
Cuttings 

Cavings 

Spallings 

Microbial transport 
Microbial transport 
Biofilms 

Gas transport 
Transport of radioactive gases 

UP 

UP 
UP 
UP 
UP 

DP 

SO-C 
DP 

DP 

DP 

UP 
SO-C 

SO-C 

YONTAMINANT TRANSPORT PROCESSES 
Advection 

Advection UP 
Diffusion 

Diffusion UP 
Matrix diffusion UP 

Thermochemical transport phenomena 
Soret effect SO-C 

Electrochemical transport phenomena 
Electrochemical effects SO-C 
Galvanic coupling SO-P 
Electrophoresis SO-C 

Physicochemical transport phenomena 
Chemical gradients SO-C 
Osmotic processes SO-C 
Alpha recoil SO-C 
Enhanced diffusion SO-C 

SO-C for undisturbed 
conditions 

Repository intrusion 
only 
Repository intrusion 
only 
Repository intrusion 
only 

Beneficial SO-C 

Beneficial SO-C 
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Table SCR-2. Waste- and Repository-Induced FEPs and Their Screening 

Classifications (Continued) 

Screening Appendix SCR 
eatures, Events, and Processes (FEPs) Classification Comments Section 

COLOGICAL FEPS 
Plant, animal, and soil uptake 

Plant uptake 

Animal uptake 
Accumulation in soils 

Human uptake 
Ingestion 

Inhalation 

Irradiation 

Dermal sorption 

Injection 

SO-R 

SO-R 
SO-C 

SO-R 

SO-R 

SO-R 

SO-R 

SO-R 

SCR.2.8 
SCR.2.8.1 

SO-C for 40 CFR 
§ 191.15 

Beneficial SO-C 
SCR.2.8.2 

SO-C for 40 CFR 
§ 191.15 
SO-C for 40 CFR 
5 191.15 
SO-C for 40 CFR 
§ 191.15 
SO-C for 40 CFR 
§ 191.15 
SO-C for 40 CFR 
§ 191.15 

egend: 
UP FEPs accounted for in the assessment calculations for undisturbed performance for 40 CFR 

$ 191.13(as wellas40CFR$ 191.15andSubpartCof40CFRPart 191). 
DP FEPs accounted for (in addition to all UP FEPs) in the assessment calculations for disturbed 

performance for 40 CFR § 191.13. 
SO-R FEPs eliminated from performance assessment calculations on the basis of regulations provided in 

40 CFR Part 191 and criteria provided in 40 CFR Part 194. 
SO-C FEPs eliminated from performance assessment (and compliance assessment) calculations on the 

basis of consequence. 
SO-P FEPs eliminated from performance assessment (and compliance assessment) calculations on the 

basis of low probability of occurrence. 

Waste characteristics, comprising the waste inventory and the heterogeneity of waste forms, 
are described in Chapter 4.0. The waste inventory is accounted for in performance assessment 
calculations in deriving the dissolved actinide source term and gas generation rates 
(Sections 6.4.3.5 and 6.4.3.3). The distribution of contact-handled (CH) and re~note-handled 
(RH) transuranic (TRU) waste within the repository leads to room scale heterogeneity of the 
waste forms, which is accounted for in performance assessment calculations when considering 
the potential activity of waste material encountered during inadvertent borehole intrusion 
(Section 6.4.7). 
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SCR.2.1.3 Container Characteristics 

The container material inventory is accounted for in performance assessment calculations. 
The container form has been eliminated from performance assessment calculations on the 
basis of low consequence to the performance of the disposal system. 

The container material inventory is described in Chapter 4.0, and is accounted for in 
performance assessment calculations through the estimation of gas generation rates 
(Section 6.4.3.3). Container form will affect container strength through the shape and - 
dimensions of the container and affect heat dissipation through container volume-and surface 
area. Long-term container performance has been eliminated from performance assessment 
calculations on the basis of low consequence to the performance of the disposal system 
(Section SCR.2.3.8). Heat generation from the waste is also considered of low consequence 
to the performance of the disposal system (Section SCR.2.2.2). Container form has, therefore, 
been eliminated from performance assessment calculations on the basis of low consequence to 
the performance of the disposal system. 

SCR.2.1.4 Seal Characteristics 

The seal geometly and seal physical properties are accounted for in performance assessment 
calculations. The seal chemical composition has been eliminated from performance 
assessment calculations on the basis of beneficial consequence to the performance of the 
disposal system. 

Seal (shaft seals, panel closures, and drift closures) characteristics, including seal geometry 
and seal physical properties, are described in Chapter 3.0 and are accounted for in 
performance assessment calculations through the representation of the seal system in 
BRAGFLO and the permeabilities assigned to the seal materials (Section 6.4.4). The effect of 
shaft seal chemical composition on actinide speciation and mobility is discussed in Section 
SCR.2.5.2 and has been eliminated from performance assessment calculations on the basis 
beneficial consequence to the performance of the disposal system. 

SCR.2.1.5 Backfill Characteristics 

The baclCfill chemical composition is accounted for in performance assessment calculations. 
BaclCfill physical properties have been eliminated from performance assessment calculations 
on the basis of low consequence to the performance of the disposal system. 

A chemical conditioner (hereafter referred to as backfill) will be added to the disposal room to 
buffer the chemical environment. The backfill characteristics are described in Section 6.4.3.4. 
The mechanical and thermal effects of backfill are discussed in Sections SCR.2.3.8.1 and 
SCR.2.5.7.2, respectively, where they have been eliminated from performance assessment 
calculations on the basis of low consequence to the performance of the disposal system. 
Backfill will result in an initial permeability for the disposal room lower than that of an empty 
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cavity, so neglecting the hydrological effects of backfill is a conservative'assumption with 
regard to brine inflow and radionuclide migration. Thus, backfill physical properties have 
been eliminated from performance assessment calculations on the basis of low consequence to 
the performance of the disposal system. The chemical effects of backfill are discussed in 
Section SCR.2.5.2.1 and the backfill chemical composition is accounted for in performance 
assessment calculations in deriving the dissolved and colloidal actinide source terms 
(Section 6.4.3). 

SCR.2.1.6 Postclosure Monitoring 

The potential effects of postclosure monitoring have been eliminated from performance 
assessment calculations on the basis of low consequence to the performance of the disposal 
system. 

Postclosure monitoring is required by 40 CFR 5 19 1.14(b) as an assurance requirement to 
"detect substantial and detrimental deviations from expected performance." The DOE has 
designed the monitoring program (see Appendix MON) so that the monitoring methods 
employed are not detrimental to the performance of the disposal system. Long-term 
monitoring would not be expected to lead to a need for remedial activities. In summary, the 
effects of monitoring have been eliminated from performance assessment calculations on the 
basis of low consequence to the performance of the disposal system. 

SCR.2.2 Radiological FEPs 

SCR.2.2.1 Radioactive Decay 

Radioactive decay and ingrowth are accounted for in performance assessment calculations. 

Radionuclide decay and ingrowth are accounted for in performance assessment calculati 
(see Section 6.4.12.4). 

SCR.2.2.2 Heat from Radioactive Decay 

The effects of temperature increases as a result of radioactive decay have been eliminated 
from pe$ormance assessment calculations on the basis of low consequence to the 
performance of the disposal system. 

Radioactive decay of the waste emplaced in the repository will generate heat. The importance 
of heat from radioactive decay depends on the effects that the induced temperature changes 
would have on mechanics (Section SCR.2.3.7), fluid flow (Section SCR.2.4.3), and 
geochemical processes (Section SCR.2.5). For example, extreme temperature increases could 
result in thermally induced fracturing, regional uplift, or thermally driven flow of gas and 
brine in the vicinity of the repository. 

October 1996 SCR-40 DOEICAO 1996-2184 



Title 40 CFR Part 191 Compliance Certification Application 

According to the Waste Acceptance Criteria (WAC) (see Chapter 4.0). the design basis for the 
WIPP requires that the thermal loading does not exceed 10 kilowatts per acre. The WAC also 
require that the thermal power generated by waste in an RH-TRU container shall not exceed 
300 watts, but the WAC do not limit the thermal power of CH-TRU waste containers. 

A numerical study to calculate induced temperature distributions and regional uplift is 
reported in DOE (1980,9-149 to 9-150). This study involved estimation of the thermal power 
of CH-TRU waste containers. The DOE (1980,9-149) analysis assumed the following: 

All CH-TRU waste drums and boxes contain the maximum permissible quantity of 
plutonium. According to the WAC, the fissionable radionuclide content for CH-TRU 
waste containers shall be no greater than 200 grams per 0.21 cubic meter drum and 
350 grams per 1.8 cubic meter standard waste box (239Pu fissile gram equivalents). 

The plutonium in CH-TRU waste containers is weapons grade matenal producing heat 
at 0.0024 watts per gram. Thus, the thermal power of a drum is approximately 0.5 
watts and that of a box is approximately 0.8 watts. 

Approximately 3.7 x lo5 cubic meters of CH-TRU waste are distributed within a 
repository enclosing an area of 7.3 x lo5 square meters. This is a conservative 
assumption in terms of quantity and density of waste within the repository, because the 
maximum capacity of the WIPP is 1.756 x lo5 cubic meters for all waste (as specified 
by the Land Withdrawal Act [LWA]) to be placed in an enclosed area of 
approximately 5.1 x lo5 square meters. 

Half of the CH-TRU waste volume is placed in drums and half in boxes so that the 
repository will contain approximately 9 x lo5 drums and lo5 boxes. Thus, a calculated 
thermal power of 2.8 kilowatts per acre (0.7 watts per square meter) of heat is 
generated by the CH-TRU waste. 

Insufficient RH-TRU waste is emplaced in the repository to influence the total thermal 
load. 

Under these assumptions, Thorne and Rudeen (1981) estimated the long-term. temperature 
response of the disposal system to waste emplacement. Calculations assumed a uniform 
initial power density of 2.8 kilowatts per acre (0.7 watts per square meter) which decreases 
over time. Thome and Rudeen (1981) attributed this thermal load to RH-TRU waste, but the 
DOE (1980), more appropriately, attributed this thermal load to CH-TRU waste based on th 
assumptions listed above. Thorne and Rudeen (1981) estimated the maximum rise in 
temperature at the center of a repository to be 1.6"C at 80 years after waste emplacement. 

Sanchez and Trellue (1996) estimated the maximum thermal power of an RH-TRU waste 
container. The Sanchez and Trellue (1996) analysis involved inverse shielding calculations to 
evaluate the thermal power of an RH-TRU container corresponding to the maximum 
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permissible surface dose; according to the WAC, the maximum allowable surface dose 
equivalent for RH-TRU containers is 1000 rem per hour. The following calculational steps 
were taken in the Sanchez and Trellue (1996) analysis: 

Calculate the absorbed dose rate for gamma radiation corresponding to the maximum 
surface dose equivalent rate of 1000 rem per hour. Beta and alpha radiation are not 
included in this calculation because such particles will not penetrate the waste matrix 
or the container in significant quantities. Neutrons are not included in the analysis 
because, according to the WAC, the maximum dose rate from neutrons cs 270 millirem 
per hour, and the corresponding neutron heating rate will be insignificant. 

Calculate the exposure rate for gamma radiation corresponding to the absorbed dose 
rate for gamma radiation. 

Calculate the gamma flux density at the surface of a RH-TRU container corresponding 
to the exposure rate for gamma radiation. Assuming the gamma energy is 1.0 
megaelectron volts, the maximum allowable gamma flux density at the surface of a 
RH-TRU container is about 5.8 x 10' gamma rays per square centimeter per second. 

Determine the distributed gamma source strength, or gamma activity, in an RH-TRU 
container from the surface gamma flux density. The source is assumed to be shielded -, 

such that the gamma flux is attenuated by the container and by absorbing material in 
the container. The level of shielding depends on the matrix density. Scattering of the 
gamma flux, with loss of energy, is also accounted for in this calculation through 
inclusion of a gamma buildup factor. The distributed gamma source strength is 
determined assuming a uniform source in a right cylindrical container. The maximum 
total gamma source (gamma curies) is then calculated for a RH-TRU container 
containing 0.89 cubic meters of waste. For the waste of greatest expected density 
(about 6,000 kilograms per cubic meter), the gamma source is about 2 x lo4 curies pe 
cubic meter. 

Calculate the total curie load of a RH-TRU container (including alpha and beta 
radiation) from the gamma load. The ratio of the total curie load to the gamma curie 
load was estimated through examination of the radionuclide inventory presented in 
Appendix BIR. The gamma curie load and the total curie load for each radionuclide 
listed in the WIPP BIR were summed. Based on these summed loads the ratio of total 
curie load to gamma curie load of RH-TRU waste was calculated to be 1.01. 

Calculate the thermal load of a RH-TRU container from the total curie load. The ratio 
of thermal load to curie load was estimated through examination of the radionuclide 
inventory presented in Appendix BIR. The thermal load and the total curie load for 
each radionuclide listed in the WIPP BIR were summed. Based on these summed 
loads the ratio of thermal load to curie load of RH-TRU waste was calculated to be 
about 0.0037 watts per curie. For a gamma source of 2 x lo4 curies per cubic meter, 
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the maximum permissible thermal load of a RH-TRU container is about 70 watts per 
cubic meter. Thus, the maximum thermal load of a RH-TRU container is about 60 
watts, and the WAC upper limit of 300 watts will not be achieved. 

Note that Sanchez and Trellue (1996) calculated the average thermal load for a RH-TRU 
container to be less than 1 watt. Also, the total RH-TRU heat load is less than 10 percent of 
the total heat load in the WIPP. Thus, the total thermal load of the RH-TRU waste will not 
significantly affect the average rise in temperature in the repository resulting from decay of 
CH-TRU waste. 

Temperature increases will be greater at locations where the thermal power of an RH-TRU 
container is 60 watts, if any such containers are emplaced. Sanchez and Trellue (1996) 
estimated the temperature increase at the surface of a 60 watt RH-TRU waste container. Their 
analysis involved solution of a steady-state thermal conduction problem with a constant heat 
source term of 70 watts per cubic meter. These conditions represent conservative assumptions 
because the thermal load will decrease with time as the radioactive waste decays. The 
temperature increase at the surface of the container was calculated to be about 3°C. 

In summary, analysis has shown that the average temperature increase in the WIPP repository, 
due to radioactive decay of the emplaced CH- and RH-TRU waste, will be less than 2°C. 
Temperature increases of about 3°C may occur in the vicinity of RH-TRU containers with the 
highest allowable thermal load of about 60 watts (based on the maximum allowable surface 
dose equivalent for RH-TRU containers). Potential heat generation from nuclear criticality is 
discussed in Section SCR.2.2.3 and exothermic reactions are discussed in Section SCR.2.5.7. 
The effects of repository temperature changes on mechanics (Section SCR.2 3.7), fluid flow 
(Section SCR.2.4.3), and geochemical processes (SCR.2.5) have been eliminated from 
performance assessment calculations on the basis of low consequence to the performance 
the disposal system. 

SCR.2.2.3 Nuclear Criticality 

Nuclear criticality has been eliminated frompe$omance assessment calculations on the 
basis of low probability of occurrence over 10,000 years. 

Nuclear criticality refers to a sustained fission reaction that may occur if fissile radionuclides 
reach both a sufficiently high concentration and total mass (where the latter parameter 
includes the influence of enrichment of the fissile radionuclides). In the subsurface, the 
primary effect of a nuclear reaction is the production of heat. 

The possibility of a nuclear criticality in the waste disposal region has been eliminated from 
performance assessment calculations because of the low initial concentration of the fissile 
radionuclides (that is, the WAC limits the fissile radionuclides in the CH- and RH-TRU 
containers) and because no credible mechanism exists to further concentrate the fissile 
radionuclides after closure. To elaborate, possible mechanisms for concentration in the waste 
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disposal region include high solubility, compaction, sorption, and precipitation. First, the 
maximum solubility of Z 3 9 P ~  in the WIPP repository, the most abundant fissile radionuclide, is 
orders of magnitude lower than necessary to create a critical solution. The same is true for 
235U, the other primary fissile radionuclide. Second, the waste is assumed to be compacted by 
repository processes to one fourth its original volume. This compaction is still an order of 
magnitude too disperse (many orders of magnitude too disperse if neutron absorbers that 
prevent criticality (for example, 238U) are included). Third, any potential sorbents in the 
waste would be fairly uniformly distributed throughout the waste disposal region; 
consequently, concentration of fissile radionuclides in localized areas through sorption is 
improbable. Fourth, precipitation requires significant localized changes in brine chemistry; 
small local variations are insufficient to separate substantial amounts of 239Pu from other 
actinides in the waste disposal region that can prevent a criticality (for example, 11 times 
more Z38U is present than 239Pu). 

The possibility of a criticality in the far field along the transport pathways to the accessible 
environment (primarily the Culebra and marker beds in the Salado) has been eliminated from 
performance assessment calculations because a geometry favorable for criticality will not be 
achieved by fissile radionuclides that may become immobile in the Culebra or marker beds. 
As discussed in Section 6.4.6.2 and Appendix MASS Section 15, the porosity in the dolomite 
consists of intergranular porosity, vugs, microscopic fractures, and macroscopic fractures. As 
discussed in Section 6.4.5.2, porosity in the marker beds consists of partially healed fractures -, 

that may dilate as pressure increases. Advective flow in both units occurs mostly through 
macroscopic fractures. Consequently, any potential deposition through precipitation or 
sorption is constrained by the depth to which precipitation and sorption occur away from 
fractures. This geometry is not favorable for fission reactions and eliminates the possibility of 
a criticality. Thus, nuclear criticality has been eliminated from performance assessment 
calculations on the basis of low probability of occurrence. The potential for nuclear criticality 
is discussed in more detail by Rechard et al. (1996). Potential heat generation from 
radioactive decay is discussed in Section SCR.2.2.2 and exothermic reactions are discussed in 
Section SCR.2.5.7. 

SCR.2.2.4 Radiological Effects on Material Properties 

Radiological effects on the properties of the waste, container, and seals, have been eliminated 
from pe$ormance assessment calculations on the basis of low consequence to the 
performance of the disposal system. 

Ionizing radiation can change the physical properties of many materials. Strong radiation 
fields could lead to damage of waste matrices, brittleness of the metal containers, and 
disruption of any crystalline structure in the seals. However, the low level of activity of the 
waste in the WIPP is unlikely to generate a strong radiation field. In addition, performance 
assessment calculations assume instantaneous container failure and waste dissolution 
according to the source-term model (see Section 6.4.3.4,6.4.3.5, and 6.4.3.6). Therefore, 
radiological effects on the properties of the waste, containers, and seals, have been 
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eliminated from performance assessment calculations on the basis of low consequence to the 
performance of the disposal system. 

SCR.2.3 Geological and Mechanical FEPs 

SCR.2.3.1 Excavation-Induced Fracturing 

Excavation-induced host rock,fracturing through formation of a DRZ and changes in stress 
are accounted for in performance assessment calculations. 

Construction of the repository has caused local excavation-induced changes in stress in the 
surrounding rock as discussed in Section 3.3.1.5. This has led to failure of intact rock around 
the opening, creating a disturbed rock zone of fractures. On completion of the WIPP 
excavation, the extent of the induced stress field perturbation will be sufficient to have caused 
dilation and fracturing in the anhydrite layers a and b, marker bed (MB) 139, and, possibly, 
MB138. The creation of the DRZ around the excavation and the disturbance of the anhydrite 
layers and marker beds will alter the permeability and effective porosity of the rock around the 
repository, providing enhanced pathways for flow of gas and brine between the waste-filled 
rooms and the nearby interbeds. This excavation-induced, host-rock fracturing is accounted 
for in performance assessment calculations (Section 6.4.5.3). 

The DRZ around repository shafts could provide pathways for flow from the repository to 
hydraulically conductive units above the repository horizon. The effectiveness of long-term 
shaft seals is dependent upon the seals providing sufficient backstress for sait creep to heal the 
DRZ around them, so that connected flow paths out of the repository horizon will cease to 
exist. These factors are considered in the current seal design. 

SCR.2.3.2 Rock Creep 

Salt creep in the Salado and resultant changes in the stress field are accounted for in 
performance assessment calculations. 

Salt creep will lead to changes in the stress field, compaction of the waste and containers, 
and consolidation of the long-term components of the sealing system. It will also tend to 
close fractures in the DRZ, leading to reductions in porosity and permeability, increases in 
pore fluid pressure, and reductions in fluid flow rates in the repository. Salt creep in the 
Salado is accounted for in performance assessment calculations (Section 6.4.3.1). The long- 
term repository seal system relies on the consolidation of the crushed-salt seal material and 
healing of the DRZ around the seals to achieve a low permeability under stresses induced by 
salt creep. Seal performance is discussed further in Section SCR.2.3.8.2. 
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SCR.2.3.3 Roof Falls 

The potential effects of roof falls on flow paths are accounted for in performance assessment 
caIculations. 

Instability of the DRZ could to lead to localized roof falls in the first few hundred years. If 
instability of the DRZ causes roof falls, development of the DRZ may be sufficient to disrupt 
the anhydrite layers above the repository, which may create a zone of rock containing 
anhydrite extending from the interbeds toward a waste-filled room. Fracture development is 
most likely to be induced as the rock stress and strain distributions evolve because of creep. 
In the long term, the effects of roof falls in the repository are likely to be minor because salt 
creep will reduce the void space and the potential for roof falls as well as leading to healing of 
any roof material that has fallen into the rooms. However, because of uncertainty in the 
process by which the disposal room DRZ heals, the flow model used in the performance 
assessment assumes that a higher permeability zone remains for the long term. Thus, the 
potential effects of roof falls on flow paths are accounted for in performance assessment 
calculations through appropriate ranges of the parameters describing the DRZ. 

SCR.2.3.4 Subsidence 

Fracturing within units overlying the Salado and surface displacement caused by subsidence -. 
associated with repository closure has been eliminated from performance assessment 
calculations on the basis of low consequence to the performance of the disposal system. The 
potential for excavation or repository-induced subsidence to create large-scale rock 
fracturing and fluid flow paths between the repository and units overlying the Salado has 
been eliminated from performance assessment calculations on the basis of the low probability 
of occurrence over 10,000 years. 

Subsidence through salt creep or roof collapse associated with excavation might affect the 
hydrologic properties of units above the repository and might cause large-scale rock 
fracturing between the repository horizon and the surface. 

The amount of subsidence that can occur as a result of salt creep closure or roof collapse in 
the WIPP excavation depends primarily on the volume of excavated rock, the initial and 
compressed porosities of the various emplaced materials (waste, backfill, panel and drift 
closures, and seals), the amount of inward creep of the repository walls, and the gas and fluid 
pressures within the repository. The DOE (westinghouse 1994) has analyzed 
excavation-induced subsidence with the primary objective of determining the geomechanical 
advantage of backfilling the WIPP excavation. The DOE (Westinghouse 1994,3-4 to 3-23) 
used mass conservation calculations, the influence function method, the National Coal Board 
empirical method, and the two-dimensional, finite-difference code, Fast Lagrangian Analysis 
of Continua (FLAC) to estimate subsidence for conditions ranging from no backfill to 
emplacement of a highly compacted crushed salt backfill. The DOE (Westinghouse 1994, 
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2-17 to 2-23) also investigated subsidence at potash mines located near the WIPP site to gain 
insight into the expected subsidence conditions at the WIPP and to calibrate the subsidence 
calculation methods. 

Subsidence over potash mines will be much greater than subsidence over the WIPP because of 
the significant differences in stratigraphic position, depth, extraction ratio, and layout. The 
WIPP site is located stratigraphically lower than the lowest potash mine, which is near the 
base of the McNutt Potash Member (hereafter called the McNutt). At the WIPP site, the base 
of the McNutt is about 490 feet (150 meters) above the repository horizon. ,41so, the WIPP 
rock extraction ratio in the waste disposal region will be about 22 percent, as compared to 
65 percent for the lowest extraction ratios within potash mines investigated by the DOE 
(Westinghouse 1994,2-17). 

The DOE (Westinghouse 1994,2-22) reported the maximum total subsidenc:e at potash mines 
to be about 5 feet (1.5 meters). This level of subsidence has been observed to have caused 
surface fractures. However, the DOE (Westinghouse 1994,2-23) found no evidence that 
subsidence over potash mines had caused fracturing sufficient to connect the mining horizon 
to water-bearing units or the landsurface. The level of disturbance caused by subsidence 
above the WIPP repository will be less than that associated with potash mining and thus, by 
analogy, will not create fluid flow paths between the repository and the overlying units. 

The various subsidence calculation methods used by the DOE (Westinghouse 1994,3-4 to 
3-23) provided similar and consistent results, which support the premise that subsidence over 
the WIPP will be less than subsidence over potash mines. Estimates of maximum subsidence 
at the land surface for the cases of no backfill and highly compacted backfill are 2 feet (0.62 
meters) and 1.7 feet (0.52 meters), respectively. The mass conservation method gave the 
upper bound estimate of subsidence in each case. The surface topography in the WIPP area 
varies by more than 10 feet (3 meters), so the expected amount of repository-induced 
subsidence will not create a basin, and will not affect surface hydrology significantly. The 
DOE (Westinghouse 1994, Table 3-13) also estimated subsidence at the depth of the Culebra 
using the FLAC model, for the case of an empty repository (containing no waste or backfill). 
The FLAC analysis assumed the Salado to be halite and the Culebra to have anhydrite 
material parameters. 

Maximum subsidence at the Culebra was estimated to be 1.8 feet (0.56 meters). The vertical 
strain was concentrated in the Salado above the repository. Vertical strain was less than 
0.01 percent in units overlying the Salado and was close to zero in the Culebra (Westinghouse 
1994, Figure 3-40). The maximum horizontal displacement in the Culebra was estimated to 
be 0.08 feet (0.02 meters), with a maximum tensile horizontal strain of 0.007 percent. The 
DOE (Westinghouse 1994,4-1 to 4-2) concluded that the induced strains in the Culebra will 
be uniformly distributed because no large-scale faults or discontinuities are present in the 
vicinity of the WIPP. Furthermore, strains of this magnitude would not be expected to cause 
extensive fracturing. 
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At the WIPP site, the Culebra hydraulic conductivity varies spatially over approximately four 
orders of magnitude, from 1 x meters per second (0.4 meters per year) to 1 x meters 
per second (400 meters per year) (Section 2.2.1.4.1.2). Where transmissive horizontal 
fractures exist, hydraulic conductivity in the Culebra is dominated by flow through the 
fractures. An induced tensile vertical strain may result in an increase in fracture aperture and 
corresponding increases in hydraulic conductivity. The magnitude of increase in hydraulic 
conductivity can be estimated by approximating the hydrological behavior of the Culebra with 
a simple conceptual model of fluid flow through a series of parallel fractures with uniform 
properties. A conservative estimate of the change in hydraulic conductivity car1 be made by 
assuming that all the vertical strain is translated to fracture opening (and none to rock - - 
expansion). This method for evaluating changes in hydraulic conductivity is similar to that 
used by the U.S. Environmental Protection Agency (EPA) in estimating the effects of - .  

subsidence caused by potash mining (Peake 1996, EPA 1996,9-38 to 9-60). 

The equivalent porous medium hydraulic conductivity, K (meters per second), of a system of 
parallel fractures can be calculated assuming the cubic law for fluid flow (Witherspoon et al. 
1980): 

K = w 3 ~ g N  
12pD ' 

where w is the fracture aperture, p is the fluid density (taken to be 1,000 kilograms per cubic 
meter), g is the acceleration due to gravity (9.79 meters per second squared), ,LL 1s the fluid 
viscosity (taken as 0.001 pascal seconds), D is the effective Culebra thickness (7.7 meters), 
and N is the number of fractures. 

For 10 fractures with a fracture aperture, w, of 6 x meters, the Culebra hydraulic 
conductivity, K, is approximately 7 meters per year (2 x 10-'meters per second). The values 
of the parameters used in this calculation are within the range of those expected for the 
Culebra at the WIPP site (Section 2.2.1.4.1.2). 

The amount of opening of each fracture as a result of subsidence-induced tensilz vertical 
strain, E, (assuming rigid rock) is Do/N meters. Thus, for a vertical strain of 0.0001 meters 
per meter, the fracture aperture, h8, becomes approximately 1.4 x 104meters. The Culebra 
hydraulic conductivity, K, then increases to approximately 85 meters per year 
(2.7 x 10-6meters uer second). Thus, on the basis of a conservative estimate of vertical strain, 
the hydraulic conductivity of the Culebra may increase by an order of magnitude. In the 
performance assessment calculations, multiple realizations of the Culebra trans~nissivity field 
are generated as a means of accounting for spatial variability and uncertainty (Appendix 
TFIELD). A change in hydraulic conductivity of one order of magnitude through vertical 
strain is within the range of uncertainty incorporated in the Culebra transmissivity field 
through these multiple realizations. Thus, changes in the horizontal component of Culebra 
hydraulic conductivity resulting from repository-induced subsidence have been eliminated 
from performance assessment calculations on the basis of low consequence. 
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A similar calculation can be performed to estimate the change in vertical hydraulic 
conductivity in the Culebra as a result of a horizontal strain of 0.00007 meters per meter 
(Westinghouse 1994,3-20). Assuming this strain to be distributed over about 1,000 fractures 
(neglecting rock expansion), with zero initial aperture, in a lateral extent of the Culebra of 
about 800 meters (Westinghouse 1994, Figure 3-39), then the subsidence-induced fracture 
aperture is approximately 6 x meters. Using the values for p , g, and w ,  above, the 
vertical hydraulic conductivity of the Culebra can then be calculated, through an equation 
similar to above, to be 7 meters per year (2 x 10-'meters per second). Thus, vertical hydraulic 
conductivity in the Culebra may be created as a result of repository-induced subsidence, 
although this is expected to be insignificant. 

In summary, as a result of observations of subsidence associated with potash mines in the 
vicinity of the WIPP, the potential for subsidence to create fluid flow paths between the 
repository and units overlying the Salado has been eliminated from performance assessment 
calculations on the basis of low probability. The effects of repository-induced subsidence on 
hydraulic conductivity in the Culebra have been eliminated from performance assessment 
calculations on the basis of low consequence to the performance of the disposal system. 

SCR.2.3.5 Effects of Fluid Pressure Chanee~ 

The mechanical effects of gas ,generation through pressurization and disrup~ion due to gas 
flow are accounted for in performance assessment calculations. 

The mechanical effects of gas generation, including the slowing of creep closure of the 
repository due to gas pressurization, and the fracturing of interbeds in the Salado through 
disruption due to gas effects are accounted for in performance assessment calculations 
(Sections 6.4.5.2 and 6.4.3.1). 

SCR.2.3.6 Effects of Explosions 

The potential effects of gas explosions are accounted for in performance assessment 
calculations. Nuclear explosions have been eliminated from performance assessment 
calculations on the basis of low probability of occurrence over 10,000 years. 

Explosive gas mixtures could collect in the head space above the waste in a closed panel. The 
most explosive gas mixture potentially generated will be a mixture of hydrogen, methane, and 
oxygen which will convert to carbon dioxide and water on ignition. This means that there is 
little likelihood of a gas explosion in the long term, because the rooms and panels are 
expected to become anoxic and oxygen depleted. Compaction through salt creep will also 
greatly reduce any void space in which the gas can accumulate. Analysis (see Appendix PCS) 
indicates that the most explosive mixture of hydrogen, methane, and oxygen will be present in 
the void space approximately 20 years after panel-closure emplacement. This possibility of an 
explosion prior to the occurrence of anoxic conditions is considered in the design of the 
operational panel closure. The effect of such an explosion on the DRZ is expected to be no 
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more severe than a roof fall, which is accounted for in the performance assessment 
calculations (Section SCR.2.3.3). 

For a nuclear explosion to occur, a critical mass of plutonium would have to undergo rapid 
compression to a high density. Even if a critical mass of plutonium could form in the system, 
there is no mechanism for rapid compression. Thus, nuclear explosions have been eliminated 
from performance assessment calculations on the basis of low probability of occurrence over 
10,000 years. 

SCR.2.3.7 Thermal Effects 

The effects of thermally induced stress, difSering thermal expansion of components, and 
thermal effects on material properties in the repository have been eliminated from 
performance assessment calculations on the basis of low consequence to performance of the 
disposal system. 

Thermally induced stress could result in pathways for groundwater flow in the DRZ, in the 
anhydrite layers and marker beds, and through seals, or it could enhance existing pathways. 
Conversely, elevated temperatures will accelerate the rate of salt creep and mitigate fracture 
development. Thermal expansion could also result in uplift of the rock and ground surface 
overlying the repository, and thermal buoyancy forces could lift the waste upward in the salt 
rock. 

The distributions of thermal stress and strain changes depend on the induced temperature field 
and the differing thermal expansion of repository components of the repository, which 
depends on the components' elastic properties. Potentially, thermal effects on material 
properties (such as permeability and porosity) could affect the behavior of the repository. 

Radioactive decay (Section SCR.2.2.2), nuclear criticality (Section SCR.2.2.3), and 
exothermic reactions (Section SCR.2.5.7) are three possible sources of heat in the WIPP 
repository. 

DOE (1980) estimated that radioactive decay of CH-TRU waste will result in a maximum 
temperature rise at the center of the repository of 1.6"C at 80 years after waste emplacement 
(Section SCR.2.2.2). Sanchez and Trellue (1996) have shown that the total thermal load of 
RH-TRU waste will not significantly affect the average temperature increase in the repository 
(Section SCR.2.2.2). Temperature increases of about 3°C may occur at the locations of 
RH-TRU containers of maximum thermal power (60 watts). Material properties, such as 
porosity and permeability, are insensitive to temperature changes of this order. 

Argiiello and Torres (1988) evaluated the thermomechanical effects of emplacing RH-TRU 
waste in the walls of a WIPP waste disposal room. Their analysis assumed that the RH-TRU - 
waste canisters had a thermal power of 60 watts and were emplaced in a disposal room 8 feet 
(2.44 meters) apart, equivalent to an areal thermal loading of! 10 kilowatts per acre (2.5 watts 
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per square meter). This value of the thermal load is significantly greater than the total thermal 
load of the RH- and CH-TRU waste to be emplaced in the WIPP repository. The thermal and 
structural responses to the thermal load were evaluated for a six-year simulation period 
assuming temperature dependent elastic and creep behavior. At the end of thus period, the 
temperature was calculated to have increased by a maximum of about 3°C. Vertical and 
horizontal room closures were about 4 percent and 7 percent greater, respectrvely, than under 
isothermal conditions and changes in stress were negligible. This structural response to - - - 
temperature change is greater than the expected response in the WIPP repository, because the 
maximum expected temperature increase from radioactive decay is less than 3°C. Also, the 
differing thermal expansion of repository components will be insignificant at this magnitude 
of temperature change. Thus, radioactive decay-induced temperature changes will have 
negligible effects on the development of the stresses and strains in the repository after waste 
emplacement. 

Thorne and Rudeen (1981) calculated regional uplift and the effects of buoyancy forces 
resulting from a repository with a thermal power of 2.8 kilowatts per acre (0.7 watts per 
square meter). The calculated maximum displacement of a point in the repository at the top of 
the emplacement level was 10.4 millimeters, occumng at about 90 years after emplacement. 
The maximum surface uplift was calculated to be less than 6 millimeters at about 1,000 years 
after waste emplacement. This level of uplift will not affect the rock above the repository 
significantly. 

Nuclear criticality has been eliminated from performance assessment calculations on the basis,, "A 
of low probability of occurrence over 10,000 years (Section SCR.2.2.3). 

Temperature increases resulting from exothermic reactions are discussed in Section 
SCR.2.5.7. Potentially the most significant exothermic reactions are concrete hydration, 
backfill hydration, and aluminum corrosion. Hydration of the seal concrete could raise the 
temperature of the concrete to approximately 53°C and that of the surrounding salt to 
approximately 38°C one week after seal emplacement (see Section SCR.2.5 7.1). The 
thermomechanical effects of such temperature increases on the performance of the repository 
seals have been considered in the seal design program (Loken 1994; Loken and Chen 1995). 
The program has investigated the durability of large-scale concrete seals, and has formulated 
Salado mass concrete (SMC) with the aim of achieving the seal design targets reported in 
Wakeley et al. (1995), which include objectives to minimize thermally-induced cracking. 
According to Wakeley et al. (1995), the SMC will be prepared and emplaced at low 
temperatures in order to minimize the difference between the maximum concrete temperature 
and the ambient temperature in the repository. Temperature increases resulting from cement 
hydration will be low enough to mitigate thermal stresses and eliminate the potential for 
significant cracking. Loken (1994) and Loken and Chen (1995) examined the thermal and 
mechanical effects of emplacing large concrete seals in salt at the WlPP and showed that 
significant cracking of the seals will be unlikely (see Section SCR.2.5.7.1). Thus, 
thermomechanical effects associated with concrete hydration have been eliminated from 
performance assessment calculations on the basis of low consequence to the performance of 
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the disposal system. As discussed in Section SCR.2.5.7.2, the maximum temperature rise in 
the disposal panels as a consequence of backfill hydration will be less than S T ,  resulting 
from brine inflow following a drilling intrusion into a waste disposal panel. Note that active 
institutional controls will prevent drilling within the controlled area for 100 years after 
disposal. By this time, any heat generation by radioactive decay and concrete szal hydration 
will have decreased substantially, and the temperatures in the disposal panels will have 
reduced to close to initial values. 

Under similar conditions following a drilling event, aluminum corrosion could, at most, result 
in a short-lived (two years) temperature increase of about 6°C (see Section SCR.2.5.7.3). 
These calculated maximum heat generation rates resulting from aluminum corrosion and 
backfill hydration could not occur simultaneously because they are limited by brine 
availability; each calculation assumes that all available brine is consumed by th~t reaction of 
concern. Thus, the temperature rise of 6°C represents the maximum that could occur as a 
result of any combination of exothermic reactions occurring simultaneously. Temperature 
increases of this magnitude will have no significant effects on the stress and strain 
distributions within the disposal system. 

In summary, temperature changes in the disposal system will not cause significant thermal 
expansion in any of the repository components, will not cause significant buoyancy forces, 
will not result in significant fracture initiation or extension, and will not significantly affect 
material properties in the disposal system. 

Thus, the effects of thermally-induced stress, differing thermal expansion of components, and 
thermal effects on material properties in the repository have been eliminated from 
performance assessment calculations on the basis of low consequence to the performance of 
the disposal system. 

SCR.2.3.8 Mechanical Effects on Material Properties 

Consolidation of waste is accounted for in performance assessment calculations. Container 
integrity has been eliminated from performance assessment calculations on the basis of 
beneficial consequence to the pe$ormance of rhe disposal system. Movement of containers 
and the mechanical effects of backj-ill have been eliminated from performance assessment 
calculations on the basis of low consequence to the performance of the disposal system. 
Consolidation of seals and mechanical degradation of seals are accounted for in performance 
assessment calculations. Flow through sealed WZPP investigation boreholes drilled from the 
surface has been eliminatedfrom performance assessment calculations on the basis of low 
consequence to the performance cfthe disposal system. Flow through isolated, unsealed 
underground boreholes is accounted for in performance assessment calculations. 
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Consolidation of waste is accounted for in performance assessment calculations in the 
modeling of creep closure of the disposal room (Section 6.4.3. I). 

Modeling of creep closure and waste dissolution and release conservatively assume immediate 
container failure. Container integrity has been eliminated from performance assessment 
calculations on the basis of beneficial consequence to the performance of the disposal system. 

The chemical conditioners or backfill added to the disposal room will act to resist creep 
closure. However, calculations have shown that because of the high porosity and low stiffness 
of the waste and the high waste to potential backfill volume, inclusion of backfill does not 
significantly decrease the total subsidence in the waste emplacement area or disposal room 
(Westinghouse 1994). Therefore, the mechanical effects of backfill have been eliminated 
from performance assessment calculations on the basis of low consequence to the 
performance of the disposal system. 

The density of compacted waste is estimated to be around 2,000 kilograms per cubic meter 
(Sandia WIPP Project 1992,2-69) and the grain density of halite in the Salado is 
2,163 kilograms per cubic meter (Sandia WIPP Project 1992, Vol. 3,2-20). It is unlikely that 
this density contrast is sufficiently large to overcome drag forces and thus any resultant 
movement of containers and waste in response to these density contrasts is likely to be 
minimal. RH-TRU waste is stored in robust, carbon steel-based containers and will generate 
heat through radioactive decay (Section SCR.2.2.2). This heat may induce density changes in 
the salt and create buoyancy forces on the containers. Vertical movement of high-level waste 
containers of a similar density to those at the WIPP in response to thermally-induced density 
changes has been calculated to be around 1 foot (0.35 meters) (Dawson and Tillerson 1978, 
22). Containers at the WIPP will generate much less heat, and will therefore move less. 
Container movement has therefore been eliminated from performance assessment calculations 
on the basis of low consequence to the performance of the disposal system. 

SCR.2.3.8.2 Re~os i t ov  and Investigation Borehole Seal Performance 

Mechanical degradation of seals and consolidation of seals are accounted for in 
performance assessment calculations through the permeability range assumed for the seal 
system (Section 6.4.4). 

There are a large number of boreholes drilled from the surface as part of the site investigation 
program for the WIPP. The majority of these investigation boreholes do not reach the 
repository horizon and terminate in either the Rustler or in the upper part of the Salado. These 
shallow boreholes could only act as potential pathways if radionuclides were transported into 
the Culebra via the shafts or intrusion boreholes. Three-dimensional groundwater flow 
modeling (Corbet 1995) has demonstrated that vertical flow to the Culebra in the controlled 
area is downwards and, hence, radionuclides will not migrate up these shallow investigation 
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