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1 1.0 INTRODUCTION 

2 The U.S. Department of Energy (DOE) is preparing to request the U.S. Environmental 
3 Protection Agency (EPA) to certify compliance of the Waste Isolation Pilot Plant (WIPP) with long-
4 term requirements of the environmental Radiation Protection Standards for Management and 
5 Disposal of Spent Nuclear Fuel, High-Level and Transuranic Waste (40 CFR Part 191). The DOE 
6 must also demonstrate compliance with the long-term requirements of the Land Disposal 
7 Restrictions of the Resource Conservation and Recovery Act (RCRA) (40 CFR Part 268.6). Sandia 
8 National Laboratories (SNL) has been conducting iterative performance assessments (PAs) for the 
9 WIPP to provide guidance to the project on die technical activities required to determine long-term 

10 performance of the WIPP disposal system. The most recent PA was conducted in 1992. 

11 An effort is under way within the project to prioritize the activities needed to demonstrate 
12 with a reasonable expectation that the WIPP will satisfy the relevant quantitative long-term 
13 performance requirements. This principal tool used in this effort is referred to as Systems 
14 Prioritization Method (SPM). 

15 SPM is a decision-analysis methodology developed for the DOE Carlsbad Area Office (DOE-
16 CAO) by SNL that will identify relationships among schedule constraints, resource constraints, 
17 current and proposed technical programs, and the likelihood of demonstrating compliance within 
18 these constraints. In particular, the probability that specific combinations of activities will lead to 
19 a demonstration of compliance with respect to applicable long-term regulations will be estimated. 
2 0 These activities include experimental programs designed to reduce uncertainty in data and models 
21 used to characterize the disposal system for long-term performance assessment, and also include 
22 potential modifications to the waste acceptance criteria, waste form, and repository design. The 
2 3 DOE-C AO will use results of future iterations of the SPM in combination with information about 
2 4 time and cost of the various activities to set priorities for WIPP activities and to select a combination 
25 of activities that will form the basis for a compliance determination. 

26 In parallel with the SPM, a Project Technical Baseline (PTB) document is being prepared that 
2 7 will contain the technical basis for a compliance application. Technical programs conducted in the 
28 period leading up to a final compliance determination may lead to changed or improved 
2 9 understanding in areas critical to defending this determination. The PTB can be updated periodically 
30 as required. 

31 In support of both the SPM and the PTB, a series of position papers is being prepared that 
3 2 will document the current understanding of the main components of the disposal system and the 
3 3 long-term performance assessment. This paper addresses hydrology of units other than the Salado 
3 4 Formation, which contains the repository. Specifically, units considered here are the Castile, Bell 
3 5 Canyon, and other formations below the Salado Formation, and the Rustler, Dewey Lake, and other 
3 6 formations above the Salado. Hydrology of these units is relevant to compliance with the long-term 
3 7 requirements of 40 CFR 191. Because the upper and lower boundaries of the disposal unit for 40 
3 8 CFR 268.6 are defined to be the top and bottom of the Salado Formation, this paper has less 
39 relevance to RCRA compliance. Hydrology of the Salado Formation is important for both 
4 0 regulations, and is addressed in a separate position paper. 
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1 The objectives of this paper are to: 

2 1) Identify and describe the relationship between non-Salado hydrology and the array of 
3 scenarios that might be relevant to the long-term performance of the repository. 

4 2) Identify and describe the array of conceptual and mechanistic models that are required to 
5 evaluate the scenarios for the purpose of compliance. 

6 3) Identify and describe the data/information that are required to support the conceptual and 
7 mechanistic models. 

8 4) Identify conceptual and computational models and appropriate parameter values for use 
9 in the second iteration of the SPM. 

10 The scenarios that involve non-Salado hydrology are summarized in Section 2. The 
11 conceptual and mechanistic models are described in Section 3. Section 4 contains a summary of data 
12 and information that is presently available for use in a compliance application. Objective 4 will be 
13 addressed after the positions regarding conceptual and mechanistic models are finalized. 

12/14/94 Draft 1-2 



Non-Salado Position Paper 

1 2.0 FEATURES, EVENTS, AND PROCESSES INVOLVING 
2 NON-SALADO HYDROLOGY 

3 This section summarizes the features, events, and processes (FEPs) that form the basis of 
4 scenarios involving groundwater flow and radionuclide transport in the non-Salado units. Authors 
5 of this paper reviewed the Draft Position Paper for Scenario Development for Postclosure 
6 Performance dated September 9,1994 and did not identify any additional FEPs to be included. FEPs 
7 considered in this paper are therefore those described in the Scenario Development Position Paper 
8 that involve the non-Salado units and have been retained by the Scenario Development Team for 
9 further evaluation. 

10 All FEPs relevant to non-Salado flow and transport result directly from, or require as 
11 prerequisites, either disruptive events due to future human actions or a failure of the sealing system 
12 that will be emplaced in the shafts that access the waste disposal region. As discussed in the 
13 Scenario Development Position Paper, no FEPs have been identified that will result in the migration 
14 of radionuclides to the non-Salado units in the absence of disruptive events or seal failure. 
15 Potentially disruptive events include drilling for natural resources, mining, and other human 
16 activities. Disruptive events must occur before the effects on flow and transport in the non-Salado 
17 units of natural processes such as climate change become relevant to disposal-system performance. 

18 Disruptive events shown in previous analyses (e.g., WIPP PA Department, 1992, Volume 
19 1, Section 5) to have the greatest potential to affect disposal-system performance involve drill holes 
2 0 that penetrate a disposal room and thereby provide a pathway for brines to carry radionuclides to the 
21 surface or to hydraulically conductive strata located above or below the repository. Once introduced 
22 into the conductive strata, the radionuclides potentially could migrate laterally to the accessible 
23 environment or to another drill hole. Vertical movement of fluids in drill holes, regardless of 
24 whether the drill holes intersect the repository, could potentially modify the flow field and/or the 
2 5 retardation properties of the strata. These modifications could occur because of physical processes, 
2 6 i.e., change the pressure, density, or phase of fluids in the penetrated strata, or because of rock-water 
2 7 interactions that change the porosity, permeability, or retardation properties of the rock. Drill holes 
2 8 that are used to withdraw or inject fluid could potentially have a greater impact than those that do 
2 9 not because injection or withdrawal could increase flow rates and/or inadvertently introduces fluids 
3 0 with compositions different from natural waters. Inadvertent high pressure injections could also 
31 fracture brittle units and enhance or create migration pathways. In any case, the largest impact of 
3 2 injection or withdrawal wells would occur during the time the well was in active use and in the time 
3 3 following during which the system returns to pre-disruption conditions. 

34 Fluids could potentially move into or out of a number of stratigraphic units above the 
3 5 repository (conductive zones in the Dockum Group and the Dewey Lake Formation, if these units 
3 6 become saturated, and the Rustler Formation) or conductive units below the repository (Castile and 
3 7 Bell Canyon Formations and deeper rocks). The rate at which fluids move vertically in drill holes 
3 8 depends mainly on the permeability, porosity, compressibility, and hydraulic head of the conductive 
3 9 zones connected by the drill hole, as well as the permeability of the drill hole, if plugged or closed. 
4 0 The permeability and hydraulic head of the conductive units are considerably different, and many 
41 flow paths are possible depending on the position, depth, and time of the drill holes. Heads at some 
4 2 locations in the Castile Formation and deeper rocks are high enough to drive fluid to the land surface. 

12/14/94 Draft 2-1 



Non-Salado Position Paper 

1 Consequently, fluids could move up boreholes from these units to the repository, if it were not 
2 highly pressurized, or to conductive units above the repository. 

3 As discussed in the Scenario Development Position Paper, climate change is the principal 
4 natural process currently considered relevant to non-Salado flow and transport. A change in climate 
5 could impact the amount of moisture that infiltrates into the soil and is thereby available to recharge 
6 the groundwater system. Patterns and rates of groundwater flow are determined partly by the amount 
7 and distribution of recharge. Vegetational changes could also impact infiltration rates, but this FEP 
8 has been screened out on the basis of low consequence. 

12/14/94 Draft 2-2 



Non-Salado Position Paper 

1 
2 3.0 CONCEPTUAL AND MECHANISTIC MODELS 
3 INVOLVING NON-SALADO HYDROLOGY 
4 
5 This section describes or refers to the conceptual and mechanistic models used to evaluate 
6 features, events, and processes (FEPs) involving flow and transport in stratigraphic units other than 
7 the Salado Formation. This paper adopts a modular approach in which we describe conceptual and 
8 mechanistic models for the individual aspects of the flow and transport system. These modules can 
9 be combined, as required, to evaluate particular FEPs. 

10 
11 One example, to illustrate the modular approach, is the treatment of an intrusion borehole 
12 penetrates the repository and provides a pathway for radionuclides to move upward to the Culebra 
13 dolomite and then migrate laterally in the Culebra toward the accessible environment. Evaluation 
14 of scenarios including this event require a conceptual model of flow above the Salado, a model for 
15 fluid flowing from an intrusion hole, models for determining distributions for transmissivity, storage, 
16 and representative head gradients for the Culebra, and a suite of conceptual and mechanistic models 
17 to describe physical and chemical retardation along the flow path. These models are discussed 
18 separately in this paper, rather than in a linked sequence as they appear in performance assessment 
19 system-level modeling. 
20 
21 Each model description in this chapter contains a summary statement that presents the 
22 position supported and a discussion section that details the supporting reasoning and data. 
23 Conceptual and mechanistic models are divided into four Sections. Section 3.1 contains a basic 
24 description of the hydrostratigraphy and models that describe processes or considerations that apply 
25 to multiple stratigraphic units. Section 3.2 includes models that address flow and advective transport 
26 in the Culebra. Section 3.3 includes models that deal with chemical retardation. The final section, 
27 3.4, addresses long-term processes that could impact performance of the repository during 10,000 
28 years. 
29 
30 
31 3.1 Hydrostratigraphy and Regional Groundwater Flow 
32 
33 
34 3.1.1 Stratigraphy and Lithology in the Vicinity of the WIPP Site 
35 
36 This section presents the stratigraphy and lithology of the Paleozoic and younger rocks 
37 underlying the WIPP site and vicinity (Figures 3.1.1-1 and 3.1.1-2), emphasizing the units nearer the 
38 surface and excluding the Salado Formation which is discussed in a separate document. Details 
39 begin with the Permian (Guadalupian) Bell Canyon Formation, the upper unit of the Delaware 
40 Mountain Group, because this is the uppermost water-bearing formation below the evaporites that 
41 host the WIPP repository. The principal stratigraphic data are the chronologic sequence, age, and 
42 extent of rock units, including some of the nearby, relevant facies changes. Characteristics such as 
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Figure 3.1.1-1. Surface topography and drillholes near the WIPP site. 
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Rgure 3.1.1-2. Stratigraphic column for the WIPP vicinity. 

12/14/94 Draft 3-3 



Non-Salado Position Paper 

1 thickness and depth are summarized here from published sources for deeper rocks and are mainly 
2 based on WIPP data for shallower rocks (above Bell Canyon). The main lithologies for upper 
3 formations and members of some formations are described. Some of the systems (e.g., Jurassic) are 
4 not described because they do not occur at or near the WIPP Site. 
5 
6 
7 3.1.1.1 GENERAL STRATIGRAPHY AND LITHOLOGY BELOW THE BELL 
8 CANYON FORMATION 
9 

10 The most thorough summaries of the formations and lithologies below the Bell Canyon for 
11 the site area have been prepared by Foster (1974) and Powers et al. (1978). This section is modified 
12 from those sources; the details of these units are scattered and often exist as raw data in geophysical 
13 logs or files of government agencies. Some stratigraphic detail is given as support for later 
14 discussions of hydrocarbon resources from units below die Bell Canyon. 
15 
16 The known Precambrian basement near the site is projected to be about 18,191 feet (5,545 
17 meters) below the surface (Sipes, Williamson & Aycock, 1976, Vol. II, Exhibit No. 2), consistent 
18 with information presented by Foster (1974). Ages of similar metamorphic suites in the area range 
19 from about 1.14 to 1.35 billion years. 
20 
21 The basal units overlying Precambrian rocks are clastic rocks commonly attributed either to 
22 the Bliss Sandstone or the Ellenberger Group (Foster, 1974, p. lOff), considered most likely to be 
23 Ordovician in age in this area. The Ordovician System comprises the Ellenberger, Simpson, and 
24 Montoya Groups in the northern Delaware Basin. Carbonates are predominant in these groups, with 
25 sandstones and shales common in the Simpson Group. Foster (1974, p. 12) reported 975 
26 feet (297 meters of Ordovician north of the site area and extrapolated a thicker section of about 1,300 
27 feet (396 meters) at the present site (p. 17). Sipes, Williamson & Aycock, Inc. (1976, Vol. IL Exhibit 
28 No. 2) projected a thickness of 1,200 feet (366 meters) within the site boundaries. 
29 
30 Silurian-Devonian rocks in the Delaware Basin are not stratigraphically well-defined, and 
31 there are various notions for extending nomenclature into the basin. Common drilling practice is not 
32 to differentiate, though the Upper Devonian Woodford Shale at the top of the sequence is frequently 
33 distinguished from the underlying dolomite and limestone (Foster, 1974, p. 18). Foster (p. 21) 
34 showed a reference thickness of 1,260 and 160 feet for the carbonates and the Woodford shale, 
35 respectively; he estimated thickness contours for the present WIPP site of about 1,150 (351 meters) 
36 and 170 feet (52 meters), respectively. Sipes, Williamson & Aycock, Inc. (1976) projected 1,250 
37 feet (381 meters) of carbonate and showed 82 feet (25 meters) of Woodford. 
38 
39 The Mississippian System in the northern. Delaware Basin is commonly attributed to 
40 "Mississippian limestone" and the overlying Barnett Shale (Foster, 1974, p. 24), but the 
41 nomenclature is not well-settled. At the reference well used by Foster (p. 25), the limestone is 540 
42 feet (165 meters) thick and the shale is 80 feet (24 meters); isopachs at the WIPP are 480 feet (146 
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1 meters) and less than 200 feet (61 meters). Sipes, Williamson & Aycock (1976) indicate 511 feet 
2 (156 meters) and 164 feet (50 meters), respectively, within the site boundaries. 
3 • 

4 The nomenclature of the Pennsylvanian System applied within the Delaware Basin is both 
5 varied and commonly not technically consistent with accepted stratigraphic rules. 
6 Chronostratigraphic or time-stratigraphic names are applied to these lithologic units: the Morrow, 
7 Atoka, and Strawn, from base to top (Foster, 1974, p. 31). Foster (1974, p. 34) extrapolated 
8 thicknesses of about 2,200 feet (671 meters) for the Pennsylvanian at the WIPP site. Sipes, 
9 Williamson & Aycock, Inc. (1976, Vol. II, Exhibit No. 2) report 2,088 feet (636 meters) for these 

10 units. The Pennsylvanian rocks in this area are mixed elastics and carbonates, with carbonates more 
11 abundant in the upper half of the sequence. 
12 
13 The Permian System is the thickest system in the northern Delaware Basin, and is divided 
14 into four series from the base to top: Wolfcampian, Leonardian, Guadalupian, and Ochoan. The 
15 three lower series total 8,684 feet (2,647 meters) near the site (Sipes, Williamson & Aycock, Inc., 
16 1976). Foster (1974) indicates a total thickness for the lower three series of about 7,665 feet (2,336 
17 meters) for a reference will north of WIPP. Foster's isopach maps of these series indicate about 
18 8,500 feet (2,591 meters) for the WIPP site area. The Ochoan Series at the top of the Permian is 
19 considered in more detail later because the formations host and surround the WIPP repository 
20 horizon. Its thickness at DOE-2, about 2 miles north of the site center, is 3,938 feet (1,200 meters) 
21 (Mercer et al., 1987, p. 23-24). 
22 
23 The Wolfcampian Series is also referred to as the Wolfcamp Formation in the Delaware 
24 Basin. In the site area, the lower part of the Wolfcamp is dominantly shale with carbonate and some 
25 sandstone (Foster, 1974, p. 38); carbonate increases to the north. Clastics increase to the east toward 
26 the margin of the Central Basin Platform. The Wolfcamp is 1,493 feet (455 meters) thick at a well 
27 near the WIPP site (Sipes, Williamson & Aycock, Inc., 1976). 
28 
29 The Leonardian Series is represented by the Bone Spring Limestone or Formation 
30 (erroneously called Bone Springs limestone in many publications). The lower part of the formation 
31 is commonly interbedded carbonate, sandstone, and some shale, while the upper part is dominantly 
32 carbonate (Foster, 1974, p. 39). Near the site, the Bone Spring is 3,247 feet (990 meters) thick 
33 (Sipes, Williamson & Aycock, In., 1976). 
34 
35 The Guadalupian Series is represented in the general area of the site by a number of 
36 formations exhibiting complex facies relationships. The Guadalupian Series is known in 
37 considerable detail west of the site from outcrops in the Guadalupe Mountains, where numerous 
38 outcrops and subsurface studies have been undertaken, including King (1948), Newell et al. (1953), 
39 Dunham (1972), and many others. From the site to the north, similar facies relationships are 
40 expected, though mainly in the subsurface (Garber et al., 1989, p. 36). 
41 
42 Within the Delaware Basin, the Guadalupian Series comprises three formations: Brushy 
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1 Canyon, Cherry Canyon, and Bell, Canyon, from base to top. These formations are dominated by 
2 submarine channel sandstones with interbedded limestone and some shale. A limestone (Lamar) 
3 generally tops the series, immediately underneath the evaporative Castile Formation. Around the 
4 margin of the Delaware Basin, reefs developed during the same time the Cherry Canyon and Bell 
5 Canyon Formations were being deposited. These massive reef limestones, the Goat Seep and 
6 Capitan Limestones, are equivalent in time to these basin sandstone formations, but were developed 
7 much higher topographically around the basin margin. A complex set of limestone to sandstone and 
8 evaporate beds was deposited further away from the basin behind the reef limestones. The Capitan 
9 reef limestones are well known because the Carlsbad Caverns are partially developed in these rocks. 

10 
11 
12 3.1.1.2 BELL CANYON FORMATION 
13; 
14 The Bell Canyon is known from outcrops on the west side of the Delaware Basin (Newell 
15 et al., 1953) and from subsurface intercepts for oil and gas drilling. Mercer et al. (1987, p. 28) stated 
16 that DOE-2 penetrated the Lamar Limestone, the Ramsey sand, the Ford shale, the Olds sand, and 
17 the Hays sand. This informal nomenclature is used for the Bell Canyon in some other W1PP reports. 
18 
19 The Clayton Williams Badger Federal drillhole near the WIPP (Section 15, T22S, R3 IE) 
20 intercepted 961 feet (293 meters) of Bell Canyon, including the Lamar (Sipes, Williamson & 
21 Aycock, Lie, 1976). Reservoir sandstones of the Bell Canyon were deposited in channels that are 
22 straight to slightly sinuous. Density or acoustic logs are also distinctive because of the massive and 
23 uniform lithology of the anhydrite compared to the underlying beds. In cores, the transition is sharp, 
24 as described for DOE-2 (Mercer et al., 1987, p. 312). 
25 
26 
27 3.1.1.3 CASTILE FORMATION 
28 
29 The Castile Formation is the lowermost lithostratigraphic unit of the Late Permian Ochoan 
30 Series. It was originally named by Richardson (1904) for outcrops in Culberson County, Texas. The 
31 Castile crops out along a lengthy area along the western side of the Delaware Basin. The two 
32 distinctive hthologic sequences now known as the Castile and Salado Formations were separated into 
33 the upper and lower Castile Formation by Cartwright (1930). Lang (1935) clarified the nomenclature 
34 by restricting the Castile Formation to the lower unit and naming the upper unit the Salado 
35 Formation. By defining an anhydrite resting on the marginal Capitan Limestone as part of the Salado 
36 Formation, Lang 91939, 1942) effectively restricted the Castile to the Delaware Basin inside the 
37 ancient reef rocks. 
38 
39 Through detailed studies of the Castile, Anderson et al. (1972) introduced an informal system 
40 of names that are widely used and included in many WIPP reports. They named the units from the 
41 base as anhydrite 1 (Al), halite 1 (HI), anhydrite 2 (A2), etc. The informal nomenclature varies 
42 through the basin from A3 up because of complexity of the depositional system. The Castile consists 
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1 almost entirely if thick beds of two lithologies: interlaminated carbonate and anhydrite and high-
2 purity halite. The interlaminated carbonate and anhydrite are well known as possible examples of 
3 annual layering or varves (Anderson et al., 1972). 
4 
5 In the eastern part of the Delaware Basin, the Castile is commonly 1,400 to 1,500 feet thick 
6 (derived from Borns and Shaffer, 1985, Figures 9,11,16). At DOE-2, the Castile is 989 feet (301 
7 meters) thick. The Castile is thinner in the western part of he Delaware Basin, and it lacks halite 
8 units. Anderson et al. (1978) correlated geophysical logs, interpreting thin zones equivalent to halite 
9 units as dissolution residues. Anderson (1981, 1982) further interpreted the lack of halite in the 

10 Castile and overlying units as indicating that about 50 percent of the halite in the basin has been 
11 removed by dissolution. Robinson and Powers (1987) analyzed one such unit as partly due to 
12 synsedimentary, gravity-driven, clastic deposition and suggested that the extent of dissolution may 
13 be overestimated. There is not known to be Castile dissolution in the immediate vicinity of the 
14 WIPP site. 
15 
16 In Culberson County, Texas, the Castile hosts major native sulfur deposits (Klemmick, 1993; 
17 Guilinger, 1993; Crawford and Wallace 1993). The outcrops of Castile on the Gypsum Plain south 
18 of Whites City, New Mexico, have been explored for native sulfur without success (Robinson and 
19 Powers, 1987), and there is no reported indicator of native sulfur anywhere in the vicinity of the 
20 WIPP (Siemers et al., 1978). 
21 
22 In part of the area around the WIPP, the Castile Formation has been significantly deformed, 
23 and pressurized brines are associated with the deformed areas (Powers et al., 1978): drillhole ERDA-
24 6 encountered both. WIPP-12, one mile north of the site center, revealed lesser Castile structure, but 
25 it also encountered a zone of pressurized brine within the Castile. 
26 
27 The Castile continues to be an object of research interest unrelated to the WIPP program as 
28 an example of evaporites supposedly deposited in "deep water" (King, 1947; Anderson et al., 1972). 
29 Leslie et al. (1993) discuss alternatives and contradictory evidence. Although these discussions and 
30 a resolution might eventually affect some concepts of Castile deposition and dissolution, there is no 
31 apparent effect upon evaluation of the isolation of waste by the WIPP disposal system. 
32 
33 
34 3.1.1.4 RUSTLER FORMATION 
35 
36 The Rustler is the youngest evaporite-bearing formation in the Delaware Basin. It was 
37 originally named by Richardson (1904) for outcrops in the Rustler Hills of Culberson County, Texas. 
38 Adams (1944, p. 1614) first used the names "Culebra member: and Magenta member" to describe 
39 the two carbonates in the formation, indicating that Lang favored the names, though Lang (in 
40 Robinson and Lang, 1938) did not use these names in the most recent publication. Vine (1963) later 
41 described extensively the Rustler in Nash Draw and proposed the four formal names and one 
42 informal tern for the stratigraphic subdivisions still used for the Rustler (from the base): unnamed 
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1 lower member, Culebra Dolomite Member, Tamarisk Member, Magenta Dolomite Member, and 
2 Forty-niner Member. Though it has been noted (Holt and Powers, 1988; Powers and LeMone, 1990, 
3 p. 29) that the unnamed lower member might be named the Los Medanos Member, this 
4 nomenclature has not been formalized. 
5 
6 An additional system of informal subdivisions was contributed by Holt and Powers (1988), 
7 based on more detailed lithologic units of the non-carbonate members. These subdivisions have 
8 partially been related to hydrostratigraphic units for the Rustler (Beauheim and Holt, 1990, p. 143). 
9 

10 Two studies of the Rustler since Vine (1963) contribute important information about the 
11 stratigraphy, sedimentology, and regional relationships while examining more local details as well. 
12 Eager (1983) reported on relationships of the Rustler observed in the southern Delaware Basin as 
13 part of sulfur exploration in the area. Holt and Powers (1988) and Powers and Holt (1990) reported 
14 the details of sedimentologic and stratigraphic studies of WIPP shafts and cores as well as of 
15 geophysical logs from about 600 drillholes in southeastern New Mexico. Various details of the 
16 Rustler have also been reported as either a by-product of other investigations or for more limited 
17 purposes (Snyder, 1985; Lowenstein, 1988; Sewards et al„ 1991). 
18 
19 Halite in the unnamed lower member broadly persists to the west of the WIPP site, and halite 
20 is found east of the center of the WIPP in the Tamarisk and Forty-niner. Two differing depositional 
21 models have been generally used, either implicitly or explicitly, to account for the halite distribution. 
22 A long-standing and implicit model in many earlier documents (Jones, 1978) is that halite was 
23 originally deposited relatively uniformly in the non-carbonate members across southeastern New 
24 Mexico, including the WIPP site area. The modern distribution is caused by dissolution of Rustier 
25 halite to the west and progressing toward the east (Snyder, 1985). Holt and Powers (1988) and 
26 Powers and Holt (1990) described sedimentary features and textures within WIPP shafts and cores 
27 that led them to propose an explicit model of depositional fades for the mudstone-halite units; halite 
28 was dissolved syndepositionally from mudflat fades especially to the west, and was redeposited in 
29 a halite pan to the east. 
30 
31 In the region around WIPP, the Rustler reaches a maximum thickness of more than 500 feet, 
32 while it is about 300 to 350 feet thick within most of the WIPP site. Most of the difference between 
33 the site area and the thickest areas is the thickness of the halite within Rustler members. The 
34 Tamarisk accounts for a larger part of thickness changes than do either the unnamed lower member 
35 or Forty-niner. 
36 
37 For the main Rustler study around WIPP (Holt and Powers, 1988), the shafts were a crucial 
38 element, exposing features not previously reported. Cores were available from several WIPP 
39 boreholes, and their lithologies were matched to. geophysical log signatures to extend the 
40 interpretation throughout a larger area in southeastern New Mexico. The procedures and results are 
41 described in some detail in Holt and Powers (1988). 
42 
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1 3.1.1.4.1 Unnamed Lower Member 
2 
3 The unnamed lower member rests on the Salado with apparent conformity at the WIPP site. 
4 It consists of significant proportions of bedded and burrowed siliciclastic rocks with cross-bedding 
5 and fossil remains (Holt and Powers, 1988; Powers and Holt, 1990, p. 82-83). These beds record 
6 the transition form strongly evaporative environments of the Salado to saline lagoonal environments. 
7 The upper part of the unnamed lower member includes halitic and sulfatic beds within elastics. Holt 
8 and Powers (1988) interpret these as facies changes within a saline playa environment. The implied 
9 model from earlier descriptions (Jones, 1978) is that the non-halitic of the upper unnamed lower 

10 member are dissolution residues from post-depositional dissolution. 
11 
12 The unnamed lower member ranges from about 96 to 126 feet thick within the site 
13 boundaries (Holt and Powers, 1988, Figure 4.7). The maximum thickness recorded during that study 
14 was 208 feet southeast of the WIPP site. Halite extends west of most of the site area in this unit 
15 (Snyder, 1985; Powers, in Beauheim, 1987). Cross sections based on geophysical log interpretations 
16 (Holt and Powers, 1988, Figure 4.4) show some apparent relationship between the thickness of the 
17 unit and the presence of halite. 
18 
19 Some samples from the unnamed lower member have been analyzed to determine clay 
20 mineralogy (Sewards et al., 1991, Table 2) and Rb-Sr systematics of clays (Brookins et al., 1990). 
21 Brookins et al. (1990, p. 4) concluded that Rb-Sr ages of clay fractions are consistent with a Late 
22 Permian age, and they also contrasted Rustler clays with Salado data. Salado clays show Rb-Sr ages 
23 and characteristics indicating more limited interaction with water and less alteration of detrital clays 
24 during Permian than do Rustler clays. 
25 
26 
27 3.1.1.4.2 Culebra Dolomite Member 
28 
29 The Culebra rests with apparent conformity on the unnamed lower member, though the 
30 underlying unit ranges from claystone to its lateral halitic equivalent in the site area. West of the 
31 WIPP site, in Nash Draw, the Culebra is disrupted in response to dissolution of underlying halite. 
32 Holt and Powers (1988) attribute this principally to dissolution of Salado halite, while Snyder (1985) 
33 indicates that salt was dissolved postdepositionally from the unnamed lower member. These 
34 alternative models provide the basis for differing explanations of how the existing explanations of 
35 how the existing Rustler hydrologic system developed and might continue to develop. The 
36 regulatory period of concern is short enough and boundaries close enough that these differences may 
37 not affect performance assessment. 
38 
39 The Culebra was described by Lang (Robinson and Lang, 1938) as a dolomite 35 feet in 
40 thickness; Adams (1944, p. 78) noted that oolites are present in some outcrops as well. The Culebra 
41 is generally "brown, finely crystalline, locally argillaceous and arenaceous dolomite with rare to 
42 abundant vugs with variable gypsum and anhydrite filling" (Holt and Powers, 1988, 

12/14/94 Draft 3-9 



Non-Salado Position Paper 

1 p. 3-8). Holt and Powers (1988, p. 5-11) described Culebra features in detail, noting that most of 
2 the Culebra is nucrolaminated to thinly laminated while some zones display no depositional fabric. 
3 Holt and Powers (1984) described an upper interval of the Culebra consisting of waxy, golden-brown 
4 carbonate, dark organic claystone, and some coarser siltstone of probable algal origin. Because of 
5 the unique organic composition of this thin layer; Holt and Powers (1988) did not include it in the 
6 Culebra for thickness computations, and this will be factored into discussions of Culebra thickness. 
7 Based on core descriptions from the WIPP project, Holt and Powers (1988, p. 5-11 concluded that 
8 "there is very little variation of depositional sedimentary features throughout the Culebra." 
9 

10 Vugs are an important part of Culebra porosity. They are commonly zoned parallel to 
11 bedding (Holt and Powers, 1990). In outcrop, bugs are commonly empty. In the subsurface, bugs 
12 may be filled with anhydrite, gypsum, or may have some clay lining (Holt and Powers, 1988, p. 5-
13 11). Lowenstein 1988, (p. 20-21) noted similar features. Holt and Powers (1988, p. 8-4) attributed 
14 vugs partly to syndepositional growth as nodules and partly as later replacement textures. 
15 Lowenstein (1988) also described textures related to later replacement and alteration of sulfates. 
16 Vug or pore fillings vary across the WIPP site and contribute to the porosity structure of the Culebra 
17 (Beauheim and Holt, 1990, p. 157). Natural fractures filled with gypsum are common east of the 
18 WIPP site center and in a smaller area west of the site center. 
19 
20 Clay is reported as the second most abundant mineral (averaging about 3 to 5 weight 
21 percent and ranging from < 1 percent to about 60 percent of bulk samples) of the Culebra, after 
22 dolomite, by Sewards et al. (1991; p. IX-1). Clay minerals include corrensite, illite, serpentine, and 
23 chlorite. Sewards et al. (1991) examined clay from bulk rock and mainly horizontal fractures in 18 
24 Culebra samples. Clay proportions in bulk rock ranged from 0.67 to 83.77 weight percent 
25 (normalized calculations) while in fracture surfaces clay ranged from 0.90 to 54.99 weight percent. 
26 Sewards et al. (1991, p. VHJ-1) concludes that high cation exchange capacity for clay and the 
27 significant proportion of clays within the Culebra are important factors affecting the transport of 
28 radionuclides through the Culebra. 
29 
30 In a study of probable authigenic clays from the Rustler, including the Culebra, Brookins 
31 et al. (1990), found the Rb-Sr isochron of 259 ± 22 Ma consistent with the Late Permian age of the 
32 Rustler. These results indicate that there was not a significant interaction of high-Sr water with these 
33 clays since the Late Permian (Brookins et al., 1990, p. 4). 
34 
35 In the WIPP site area, the Culebra varies in thickness. The choice of Culebra thickness and 
36 saturated interval are important hydrological parameters for performance assessment. Different data 
37 sources provide varying estimates as well (Table 2-2). Holt and Powers (1988) considered the 
38 organic-rich layer at the Culebra-Tamarisk contact separately from the Culebra in interpreting 
39 geophysical logs. Comparing data sets, Holt and Powers typically interpret the Culebra as about 1 
40 meter thinner than have other sources, including Jones (1978), Richey (1989), and LaVenue et al. 
41 (1988). In general, this reflects the difference between including or excluding the unit at the 
42 Culebra-Tamarisk contact. Each data set shows areal differences in thickness of the Culebra when 
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1 examined township by township. 
2 
3 LaVenue et al. (1988, Appendix B) calculated a mean thickness of 7.7 meters for the 
4 Culebra based on 78 drillholes. This thickness has been used uniformly for the Culebra in 
5 performance assessment calculations. 
6 
7 
8 3.1.1.4.3 Tamarisk Member 
9 

10 Vine (1963, p. B15) named the Tamarisk Member for outcrops near Tamarisk Flat in Nash 
11 Draw. Outcrops of the Tamarisk are distorted, and subsurface information was used to establish 
12 member characteristics. Vine reported two sulfate units separated by a siltstone, about 5 feet thick, 
13 interpreted by Jones et al. (1960) as a dissolution residue. 
14 
15 The Tamarisk is generally conformable with the underlying Culebra. The transition is 
16 marked by an organic-rich unit interpreted as present over most of southeastern New Mexico (Holt 
17 and Powers, 1988). The Tamarisk around the site area consists of lower and upper sulfate units 
18 separated by a unit that varies from mudstone (generally to the west) to mainly halite (to the east) 
19 (Holt and Powers, 1988, p. 5-12). Near the center of the WIPP site, the lower anhydrite was partially 
20 eroded during deposition of the middle mudstone unit, as shown in the WIPP Waste Handling and 
21 Exhaust Shafts (Holt and Powers, 1984, 1986a). The lower anhydrite was completely eroded at 
22 WJPP-19 (Holt and Powers, 1988, p. 5-17). Before shaft exposures were available, the lack of the 
23 lower Tamarisk anhydrite at WIPP-19 was interpreted as the result of solution and the mudstone was 
24 considered a cave filling (Ferrall and Gibbons, 1980). 
25 
26 Halite is interpreted to be present east of the center of the WIPP site based on geophysical 
27 logs and drilling cuttings (Jones, 1978). Based mainly on cores and cuttings records from the WIPP 
28 potash drilling program, Snyder (1985) prepared a map showing the halitic areas of each of the 
29 noncarbonate Rustler members. A very similar map was prepared independently by Powers 
30 (Beauheim, 1987) based on geophysical log characteristics. 
31 
32 Holt and Powers (1988, p. 5-14) described the mudstones and halitic facies in the middle 
33 of the Tamarisk, and they interpreted the unit as formed in a salt pan to mudflat system. They cited 
34 sedimentary features and the lateral relationships as evidence of syndepositional dissolution of halite 
35 in the marginal mudflat areas. In contrast, earlier authors (Jones et al., 1960; Jones, 1978; Snyder, 
36 1985) interpreted the lateral decrease in thickness and absence of halite to the west as evidence of 
37 post-depositional dissolution. The differing concepts for halite distribution in the Rustler, and 
38 particularly the Tamarisk, have been used in explaining the large changes in hydrologic properties 
39 of the Culebra, as explained in later sections. 
40 
41 The Tamarisk thickness varies greatly in southeastern New Mexico, principally as a 
42 function of the thickness of halite in the middle unit (Holt and Powers, 1988, Figures 4.9 and 4.11). 
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1 Within T22S, R3 IE, Holt and Powers (1988, Figure 4-9) show a range from 84 to 184 feet (26-56 
2 meters) for the entire Tamarisk and a range from 6 to 110 feet (2-34 meters) (Holt and Powers, 1988, 
3 Figure.4.11) for the interval of mudstone-halite between lower and upper anhydrites. Areas on these 
4 maps with thickness greater than about 100 feet and 20 feet, respectively, correspond to halitic 
5 regions of die Tamarisk. 
6 
7 
8 3.1.1.4.4 Magenta Dolomite Member 
9 

10 Adams (1944, p. 1614) attributes the name "Magenta member" to Lang, based on a feature 
11 north of Laguna Grande de la Sal named Magenta Point. The Magenta is a gypsiferous dolomite 
12 with abundant primary sedimentary structures and well-developed algal features (Holt and Power, 
13 1988, p. 5-22ff). It does not vary greatly in sedimentary features across the site area (Holt and 
14 Powers, 1988, p. 5-22). 
15 
16 Around the WIPP site, Holt and Powers (1988, p. 5-22) reported that the Magenta varies 
17 from about 23 to 28 feet (7 to 8.5 meters); they did not contour the thickness because of the limited 
18 changes. 
19 
20 
21 3.1.1.4.5 Forty-niner Member 
22 
23 Vine named the Forty-niner Member for outcrops at Forty-niner Ridge in eastern Nash 
24 Draw, but the outcrops of the Forty-niner are poorly exposed. In the subsurface around the WIPP, 
25 the member consists of basal and upper sulfates separated by a mudstone (Holt and Powers, 1984). 
26 It is conformable with the underlying Magenta. As with other members of the Rustler, geophysical 
27 log characteristics can be correlated with core and shaft descriptions to extend the geological 
28 inferences across a large area (Holt and Powers, 1988). 
29 
30 The Forty-niner ranges from 43 to 77 feet (13 to 23 meters) thick within T22S, R31E (Holt 
31 andPowers, 1988, Figure 4.13). East and southeast of the WIPP, the Forty-niner exceeds 80 feet (24 
32 meters) in thickness, and some of the geophysical logs from this area indicate halite is present in the 
33 beds between the sulfates (Holt and Powers, 1988, Figure 4.3). 
34 
35 Within the Waste Handling Shaft, the Forty-niner mudstone displayed sedimentary features 
36 and bedding relationships indicating sedimentary transport (Holt and Powers, 1984). The mudstone 
37 has been commonly interpreted as a residue from the dissolution of halitic beds (Jones, 1978) 
38 because it is thinner where there is no halite. These beds are not known to have been described in 
39 detail prior to mapping in the Waste Handling Shaft at WIPP, and the features found there led Holt 
40 and Powers (1984,1988) to re-examine the available evidence for, and interpretation of, dissolution 
41 of halite in Rustler units. 
42 
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1 3.1.1.5 DEWEY LAKE (RED BEDS) 
2 
3 The nomenclature for rocks included in the Dewey Lake Formation (or alternatively, 
4 Dewey Lake Red Beds) was introduced during the 1960s to clarify relationships between these rocks 
5 assigned to the Upper Permian and the Cenozoic Gatuna Formation (see discussions by Schiel, 1994; 
6 Powers and LeMone, 1987). More recently, Lucas and Anderson (1993a) have suggested using the 
7 name Quartermaster Formation in place of Dewey Lake based on similar lithology and earlier usage. 
8 The Dewey Lake is retained here for WIPP project usage until the utility of using Quartermaster is 
9 clearer. 

10 
11 There are three main sources of data about the Dewey Lake in the area around the WIPP. 
12 Miller (1955,1966) studied the petrology of the unit. Schiel (1988,1994) described outcrops in the 
13 Nash Draw areas and interpreted geophysical logs of the unit in southeastern New Mexico and west 
14 Texas to infer the depositional environments and stratigraphic relationships. Holt and Powers (1990) 
15 were able to describe the Dewey Lake in detail at the Air-Intake Shaft for WIPP, confirming much 
16 of Schiel's information and adding data regarding the lower Dewey Lake. 
17 
18 The Dewey Lake overlies the Rustler conformably (Bachman, 1984), though local 
19 examples of the contact (e.g., Air-Intake Shaft, Holt and Powers, 1990) show minor disruption by 
20 dissolution of some of the upper Rustier sulfate. The formation is predominately reddish-brown fine 
21 sandstone to siltstone or silty claystone with greenish-gray reduction spots. Thin bedding, ripple 
22 cross-bedding, and larger channeling are common features in outcrops (Schiel, 1988), and additional 
23 soft sediment deformation features and early fracturing are described from the lower part of the 
24 formation (Holt and Powers, 1990). Schiel (1988, 1994, p. 10) attributed the Dewey Lake to 
25 deposition on "a large, arid fluvial plain subject to ephemeral flood events." 
26 
27 There is little direct faunal or radiometric evidence of the age of the Dewey Lake. It is 
28 assigned to the Ochoan Series of Late Permian age (Hills and Kottlowski, 1983), and it is regionally 
29 correlated with units of similar lithology and stratigraphic position. Schiel (1988,1994) reviewed 
30 the limited radiometric data from lithologically similar rocks (Quartermaster Formation) and 
31 concluded that much of the unit could be Early Triassic in age. 
32 
33 Near the center of the WIPP site, Holt and Powers (1990, Figure 5) mapped 498 feet (152 
34 meters) of Dewey Lake. The formation is thicker to the east (Schiel, 1988, 1994, p.6) of the WIPP 
35 site, in part because western areas were eroded before the overlying Triassic rocks were deposited. 
36 
37 The Dewey Lake is extensively fractured, and both cements and fracture fillings have been 
38 further examined to ascertain the possible contributions of surface infiltration to underlying units. 
39 Holt and Powers (1990, p. 3-8ff) described the Dewey Lake as cemented by carbonate above 164.5 
40 feet in the Air-Intake Shaft: some fractures in the lower part of this interval were also filled with 
41 carbonate, and the entire interval surface was commonly moist. Below this point, the cement is 
42 harder (probably anhydrite), the shaft is dry, and fractures are filled with gypsum. Holt and Powers 
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1 suggested the cement change might be related to infiltration of meteoric water. They also determined 
2 that some of the gypsum-filled fractures are syndepositional (1990 p. 3-11, Figure 16). Dewey Lake 
3 fractures include horizontal to subvertical trends some of which were mapped in detail (Holt and 
4 Powers, 1986, Figures 6-8). 
5 
6 Lambert (1991, p. 5-65) analyzed the deuterium/hydrogen (D/H) ratios of gypsum in the 
7 Rustler and gypsum veins in the Dewey Lake. He suggests that none of the gypsum formed from 
8 evaporitic fluid such as Permian seawater, but that they all show influence of meteoric water. 
9 Nonetheless, Lambert (1991, p. 5-66) also infers that the gypsum D/H is not consistent with modern 

10 meteoric water; it may be consistent with earlier meteoric fluids. There is no obvious correlation 
11 with depth indicating infiltration. Strontium isotope ratios ("Sr/^Sr) indicate no intermixing or 
12 homogenization of fluids between Rustler and Dewey Lake (Lambert, 1991, p.5-54), but there may 
13 be lateral movement of water within the Dewey Lake. Dewey Lake carbonate vein material shows 
14 a broader range of Sr ratios than does surface caliche, and the ratios barely overlap (Lambert, 1991, 
15 Figure 5-17). In general, it is possible, but not necessary, to interpret the Sr ratios of Dewey Lake 
16 veins as the result of mixing between fluids with Rustier and surficial ratios. There are no analyses 
17 of Dewey Lake host rock to further limit this inference because carbonate and sulfate are not 
18 common rock mineral constituents: cements have not been separated and analyzed. 
19 
20 
21 3.1.1.6 SANTA ROSA 
22 
23 There have been different approaches to the nomenclature of rocks of Triassic age in 
24 Southeastern New Mexico. Bachman (1974) generally described the units as 'Triassic, undivided" 
25 or as the Dockum Group, without dividing it. Vine (1963) used "Santa Rosa Sandstone," and Santa 
26 Rosa has become common usage. Lucas and Anderson (1993b) import other formation names that 
27 are unlikely to be useful for WIPP. 
28 
29 The Santa Rosa has been called disconformable over the Dewey Lake (Vine, 1963, p.B25; 
30 Lucas and Anderson, 1993b, p. 232). These rocks have more variegated hues than the underlying 
31 uniformly colored Dewey Lake. Coarse-grained rocks, including conglomerates are common, and 
32 the formation includes a variety or cross-bedding and sedimentary features (Lucas and Anderson, 
33 1993b). 
34 
35 Within me WIPP site boundaries me Santa Rosa is relatively thin to absent. AttheAir-
36 Intake Shaft, Holt and Powers (1990, Figure 5) attributed about 2 feet (0.6 meters) of rock to the 
37 Santa Rosa. The Santa Rosa is a maximum of 255 feet (78 meters) thick in potash holes drilled for 
38 WIPP east of the site boundaries (Jones, 1978, table 20B). The Santa Rosa is thicker to the east. 
39 
40 
41 3.1.1.8 GATUNA FORMATION 
42 
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1 Lang (in Robinson and Lang, 1938) named the Gatuna for outcrops in the vicinity of 
2 Gatuna Canyon in the Claystone Basin. Rocks now attributed to the Gatuna in Pierce Canyon were 
3 once included in the "Pierce Canyon Formation" witfi rocks now assigned to the Dewey Lake. The 
4 formation has been mapped from the Santa Rosa, New Mexico, area south tot he vicinity of Pecos, 
5 Texas. It unconformably overlies different substrates. 
6 
7 Vine (1963) and Bachman (1974) provided some limited description of the Gatuna. The 
8 most comprehensive study of the Gatuna is by Powers and.Holt (1993), based on WIPP 
9 investigations and landfill studies for Carlsbad and Eddy County. Much of the formation is colored 

10 light reddish brown. It is broadly similar to the Dewey Lake and Santa Rosa, though the older units 
11 have more intense hues. The formation is highly variable, ranging from coarse conglomerates to 
12 claystones with some highly gypsiferous sections. Sedimentary structures are abundant. Analysis 
13 of lithofacies indicates that the formation is dominantly fluvial in origin with areas of low-energy 
14 deposits and evaporitic minerals. It was deposited in part over areas actively subsiding in response 
15 to dissolution (Powers and Holt, 1993, p. 280). 
16 
17 The thickness of the Gatuna is not very consistent regionally. Powers and Holt (1993) 
18 report thicknesses up to about 300 feet (91 meters) at Pierce Canyon, with thicker areas generally 
19 subparallel to the Pecos River. To the east, the Gatuna is thin or absent. Holt and Powers (1990) 
20 reported about 9 feet (2.7 meters) of undisturbed Gatuna inn the Air-Intake Shaft. 
21 
22 The Gatuna has been considered to be Pleistocene in age based on a volcanic glass in the 
23 upper Gatuna (Bachman, 1980) that has been identified as the Lava Creek B ash dated at 0.6 million 
24 years (Izett and Wilcox, 1982). An additional volcanic ash from Gatuna in Texas yields consistent 
25 K-Ar and geochemical data, indicating it is about 13 Ma (Powers and Holt, 1993, p. 272). Thus the 
26 Gatuna ranges in age over a period of time that may be greater than the Ogallala Formation on the 
27 High Plains east of WIPP. 
28 
29 
30 3.1.1.8 MESCALERO CALICHE 
31 
32 The Mescalero caliche is an informal stratigraphic unit apparently first explicitly used by 
33 Bachman (1974), though Bachman (1973, p. 17) described the "caliche on the Mescalero Plain." 
34 He differentiated the Mescalero from the older, widespread Ogallala caliche or capric on the basis 
35 of textures, noting that breccia and pisolitic textures are much more common in the Ogallala. The 
36 Mescalero has been noted over significant areas in the Pecos drainage, including the WIPP site area 
37 (Bachman, 1981), and it has been formed over a variety of substrates. 
38 
39 Bachman described the Mescalero as a two part unit: (1) an upper dense laminar capric, and 
40 (2) a basal, earthy to firm, nodular calcareous deposit. Machette (1985, p.5) classified the Mescalero 
41 as having Stage V morphologies of a calcic soil (the more mature Ogallala capric reaches Stage VI). 
42 
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1 Bachman (1076, p. 148) provided structure contours on the Mescalero caliche for a large 
2 area of southeastern New Mexico, including the WIPP site. From the contours and Bachman's 
3 discussion of the Mescalero as a soil, it is clear that the Mescalero is expected to be continuous over 
4 large areas. Explicit WIPP data are limited mainly to drillholes, though some drillhole reports do 
5 not mention the Mescalero. The unit may be as much as 10 feet (3 meters) thick (Bachman, 1985, 
6 p. 19). 
7 
8 The Mescalero was inferred on basic stratigraphic and climatic grounds as having 
9 accumulated during the early to middle Pleistocene (Bachman, 1974, 1980). Bachman (1980) 

10 reported finding a volcanic ash in the upper Gatufia along Livingston Ridge and underlying the 
11 Mescalero. This original report that this was the Pearlette "O" ash was superseded when Izett and 
12 Wilcox (1982) reported the ash as Lava Creek B, about 0.6 Ma. 
13 
14 The Mescalero must therefore be younger. Samples of the Mescalero from the vicinity of 
15 the WIPP were studied using uranium-trend methods (Rosholt and McKinney, 1980). Based on 
16 early written communication from Rosholt, Bachman (1985, p. 20) reports that the basal Mescalero 
17 began to form about 510,000 years ago and the upper part began to form about 410,000 years ago; 
18 these ages are commonly cited in WIPP literature. The samples are interpreted by Rosholt and 
19 McKinney (1980) in the formal report as indicating ages of 570,000 ± 110,000 years for the lower 
20 part of the Mescalero and 420,000 ± 60,000 years for the upper part. 
21 
22 Based on morphology of caliche along part of the souther rim of Pierce Canyon, Hawley 
23 (1993) has argued that some of the caliche within the Delaware Basin may be Ogallala instead of 
24 Mescalero. This question has not been further addressed. 
25 
26 The Mescalero, as a soil, indicates a stable surface on which it can develop (Bachman, 
27 1985, p. 19). It is considered relevant to paleoclimatic considerations and as an indicator of stability 
28 or integrity of the WIPP site (Powers et al., 1978, p. 4-8). Bachman (1985, p. 27) considered the 
29 Mescalero as an impediment to erosion; the discussion by Bachman indicates the Mescalero is an 
30 indicator of surface stability over the last 500,000 years. 
31 
32 3.1.1.9 SURFICIAL SEDIMENTS 
33 
34 Above the Mescalero caliche, the Kermit and Berino soil series have been mapped across 
35 the WIPP site (Chugg et al., 1952, sheet number 113). These are sandy soils developed on eolian 
36 material (Chugg et al., 1952, pp. 16,25). The Kermit-Berino soils include active dune areas. The 
37 Berino has a sandy A horizon; the B horizons include more argillaceous material and weak to 
38 moderate soil structures. A and B horizons are described as non-calcareous, and the underlying C 
39 horizon is commonly caliche. Bachman (1980) interpreted the Berino soil as a paleosol that is a 
40 remnant B horizon of the underlying Mescalero. 
41 
42 Rosholt and McKinney (1980) applied uranium-trend methods to samples of the Berino 
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1 from the WIPP site area. They interpreted the age of formation of the Berino as 330,000 ± 75,000 
2 years. Though this is generally consistent with the age of the underlying Mescalero, it is not 
3 understood why the ages are not closer if the Berino formed at the same time as the Mescalero. 
4 
5 
6 3.1.2 Conceptual Models of Groundwater Flow Above the Salado Formation 
7 
8 Summary Statement: There are two conceptualmodels of groundwater flow in strata above the 
9 Salado Formation, the confined model and the groundwater basin model. The confined model 

10 considers only flow in individual stratigraphic units with relatively high hydraulic conductivity. The 
11 groundwater basin model considers flow in all units, including those with extremely low hydraulic 
12 conductivity, as part of a single hydrologic system. In a practical sense, these models are 
13 complementary. The groundwater basin model better represents the real groundwater flow 
14 system, but the confined model is a justified, and perhaps necessary, simplification for use in 
15 some PA flow and transport calculations. 
16 
17 Discussion: There are two conceptual models of groundwater flow in strata above the Salado 
18 Formation, the confined model and the groundwater basin model. The first, the confined model, 
19 focuses on lateral flow in the relatively more permeable units. It is an empirical model in that it is 
20 based primarily on hydrologic and geochemical data collected as part of the site characterization 
21 process. For example, the present day north to south flow in the Culebra can be established by 
22 hydraulic head data without knowing the locations of discharge and recharge areas. This model 
23 recognizes that there appears to be a potential for vertical flow across confining layers but assumes 
24 that this flow can be neglected except in regions where the confining units have been disturbed and 
25 are more permeable. This conceptual model is the basis for the 1992 PA calculations of flow and 
26 transport in the Culebra Dolomite. The domain of this conceptual model is thought to be a 
27 subdomain of the hydrologic system that controls its behavior and, therefore, calculations based on 
28 this model require boundary conditions that represent hydrologic processes outside of the model 
29 domain. For example, heads along a portion of the boundary were raised or lowered to simulate the 
30 effects of climate change on recharge to the flow system in the 1992 PA (Swift et al., 1994). 
31 
32 The second model is based on the concept of the groundwater basin. This conceptual 
33 model has a strong theoretical basis (Hubbert, 1940; Toth, 1963; Freeze and Witherspoon, 1967) and 
34 is widely accepted and applied by hydrogeologists. A groundwater basin is a three-dimensional, 
35 closed hydrologic unit bounded on the bottom by an "impermeable" rock unit (actually a 
36 stratigraphic layer with much smaller permeability than the layers above), on the top by the ground 
37 surface, and on the sides by groundwater divides. The upper boundary of the flow domain is the 
38 water table, which may or may not coincide with the land surface. All rocks in the basin have finite 
39 permeability, i.e., hydraulic continuity exists throughout the basin. Implicit in this description of the 
40 groundwater basin is that the entire length of each flow path is contained within the basin. All 
41 recharge to the basin (if it occurs) is by infiltration of precipitation to the water table, and all 
42 discharge from the basin (if it occurs) is by flow across the water table to the land surface. 
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1 Differences in elevation of the water table across the basin are assumed to generate the 
2 hydraulic gradients to drive groundwater flow. Water flows along gradients of hydraulic head from 
3 regions of high head to regions of low head. The highest and lowest heads in the basin occur at the 
4 water table at its highest and lowest points, respectively. Therefore groundwater generally flows 
5 from the elevated regions of the water table, downward across confining layers (layers with 
6 relatively low permeability), laterally along conductive layers (layers with relatively high 
7 permeability), and finally upward to exit the basin in regions where the water table (and by 
8 association, the land surface) is at low elevations. Infiltration is necessary to maintain relief on the 
9 water table. If infiltration were to stop for a sufficient period of time, flow from regions of high to 

10 low head would "level" the water table, and groundwater would become stagnant. However, a lack 
11 of infiltration rarely, if ever, actually results in stagnant conditions because long periods of time are 
12 required for groundwater to "drain" from the regions of higher head. The time required for a system 
13 to drain is controlled by the thickness, permeability, and compressibility of confining layers in the 
14 basin, as well as the initial relief of the water table. The adjustment time could be tens of thousands 
15 of years or longer. 
16 
17 The pattern of groundwater flow depends on the lateral extent and depth of the basin, the 
18 shape of the water table, and the heterogeneity of the permeability of the rocks in the basin. Field 
19 observations and numerical studies have demonstrated that flow in a conductive layer is parallel to 
20 the upper and lower surfaces of the layer and flow in a confining layer is approximately vertical. 
21 Even extremely slow vertical flow in confining layers is significant on a regional scale because it is 
22 summed over very large horizontal surfaces. 
23 
24 
25 3.1.2.1 VERTICAL FLOW THROUGH RUSTLER CONFINING LAYERS 
26 
27 The issue of whether or not vertical flow occurs through confining layers in the Rustler 
28 Formation is pertinent to the evaluation of the two conceptual models. Evidence of zero vertical 
29 flow would invalidate the groundwater basin model because it based on the concept of hydraulic 
30 continuity. Both models are compatible with the existence of extremely slow vertical flow. 
31 Pumping tests and geochemical data have been interpreted to show that vertical flow through 
32 Rustler confining units is "insignificant". Hydrologic modeling studies support the existence of 
33 extremely slow vertical flow through confining layers. These positions are not necessarily 
34 contradictory. The fact that vertical flow is too slow to leave a geochemical signature or to be 
35 observed during pumping tests does not mean that it is zero. To date, an argument for zero vertical 
36 flow has not been presented. The arguments concerning vertical flow are summarized below. 
37 
38 
39 3.1.2.1.1 Possible Role of Karst Dissolution in Vertical Flow in the Rustler 
40 
41 The term karst is usually applied to regions where dissolution of dolomite and/or limestone 
42 has resulted in collapse of the surface, forming a distinctive topography. In the vicinity of the WIPP, 
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1 however, the term is applied to features formed by dissolution of evaporites such as halite and 
2 anhydrite as well as some carbonates (Bachman, 1987). Brinster (1991) has proposed that Nash 
3 Draw, the largest karst feature in southeast New Mexico, was formed by movement of water along 
4 regional fracture systems related to the Cenozoic tilting of the Delaware Basin. The intersection of 
5 fractures with the Capitan Reef aquifer allowed groundwater undersaturated with respect to gypsum 
6 and halite to flow southwestward into die fractured evaporites. The collapse of Nash Draw lowered 
7 the base level and allowed the draining of the Rustler units. In Brinster's (1991) interpretation, die 
8 processes that formed Nash Draw cannot be repeated because of the removal of most of the Rustler 
9 and all of the younger units, but the draining of the hydrostratigraphic units east of die draw 

10 continues. As discussed in the following paragraphs, evidence suggests that some karst features have 
11 developed east of Nash Draw in the past, and may be continuing to form in the Los Medanos area 
12 between the WIPP and Nash Draw. 
13 
14 As is typical of both arid to semi-arid regions widi surficial deposits of eolian sand and 
15 karst regions where dissolution has created subsurface channels for runoff, there is no well-
16 developed surface-water drainage system at the WIPP. Small intermittent streams lead into 
17 depressions that are in some cases eolian blowouts and, in at least one location, a dissolution 
18 sinkhole. Northwest of die WIPP and outside me land-wimdrawal boundary, me WIPP-33 borehole 
19 was drilled in a small depression to test me hypothesis mat this was me location of a sinkhole that 
20 extended downward tiirough me Salado Formation. When die well showed no abnormalities in die 
21 upper Salado, drilling was stopped. However, die borehole showed mat almost all me anhydrite in 
22 the upper Rustier had been altered to gypsum and that no halite was present. The Magenta appeared 
23 to have been almost completely dissolved, the Culebra was highly fractured, and anhydrites below 
24 the Culebra were altered to gypsum (Sandia National Laboratories and United States Geological 
25 Survey, 1981). Circulation was lost intermittently throughout drilling and tool drops of several feet 
26 were noted. About 1500 m to the northeast at borehole P-13, driller's records report me Rustier to 
27 be completely intact witii halite present and the anhydrites mostly unaltered (Jones, 1978). 
28 
29 Sinkholes are also present south of Los Medanos, in the vicinity of the H-7 and H-9 
30 boreholes (see Figure 3.1.1-1). San Simon Swale and San Simon Sink east of the WIPP may also 
31 be karst features. 
32 
33 Models of groundwater flow to date have not considered vertical flow through sinkholes, 
34 and have instead examined effects of spatially uniform potential infiltration (Corbet and Wallace, 
35 1993; Appendix A of this report), or the effects of selectively varying me location of vertical flow 
36 (Haug et al., 1987; Davies, 1989). Sinkholes could affect regional flow by providing point sources 
37 for inflow to deeper units or by providing interconnections between conductive layers separated by 
38 less conductive units. In both processes, effects would be similar to those discussed in Section 3.4.2 
39 regarding open boreholes through the Rustler Formation. 
40 
41 
42 3.1.2.1.2 Geochemical Evidence Related to Vertical Flow 
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1 Siegel et al. (1991a) summarize an effort to interpret the chemical, mineralogical, isotopic, 
2 and hydrological data available as of 1989. Siegel et al. concluded that the bulk of the data argues 
3 against significant vertical flow. The following paragraph is from the executive summary (page ES-
4 3) of that report: 
5 
6 Mineralogical and isotopic studies of sulfates in overlying layers also show that no 
7 significant amounts of either solutes or water have permeated vertically downward from 
8 the surface to recharge the Culebra. Specifically, much of the anhydrite in the Tamarisk 
9 member between the Magenta and Culebra members has not been hydrated to gypsum by 

10 recrystallization in the presence of fresh water, D/H ratios in gypsum throughout the 
11 Rustler are not consistent with a pervasively large water/rock ratio accompanying such 
12 hydration, and comparison of ^Sr/^Sr ratios of gypsums and carbonates in Rustler, Dewey 
13 Lake, and surface rocks shows that secondary sulfates and carbonates in the Rustler did not 
14 form in a hydrological regime that was uniformly interconnected with overlying rocks and 
15 the surface. Thus, the available mineralogical, hydrological, and isotope data indicate no 
16 significant vertical connection between the Culebra and overlying strata. 
17 
18 The results of another geochemical investigation performed by Bodine et al. (1991) suggest 
19 instead that groundwater in the Culebra and other conductive layers has been in contact with 
20 anhydrites and halites in the intervening confining layers. They presented the distribution of 
21 dissolved constituents in groundwater from the Rustler Formation in terms of salt norms. A salt 
22 norm (Bodine and Jones, 1986) can be envisioned as the hypothetical assemblage of mineral salts 
23 that would have precipitated from an evaporated water sample and would be in equilibrium with the 
24 last vestige of the remaining water. The salt norms yield a diagnostic characterization of the water 
25 that aids in the interpretation of possible origins of the solutes and past water-rock interactions. 
26 Their analysis of the distribution of salt norms of Rustler groundwater suggests that meteoric water 
27 has moved into the Magenta, Culebra, and Rustler-Salado contact zone. The salt norms of these 
28 waters indicate that they have interacted chemically with the anhydrites and halites in the intervening 
29 confining layers. This implies that at least a portion of the water in the conductive units has migrated 
30 through the confining units. 
31 
32 
33 3.1.2.1.3 Hydrologic Observations Related to Vertical Flow 
34 
35 Hydrologic observations have also been presented to argue both for and against vertical 
36 flow across the Tamarisk Member, a unit of extremely low hydraulic conductivity separating the 
37 Culebra and Magenta dolomites. LaVenue et al. (1990, p. 2-15), for example, note that heads in the 
38 Magenta do not respond to pumping in the Culebra. They used this observation to support a decision 
39 to not consider vertical flow when modeling flow in the Culebra. The lack of drawdown in the 
40 Magenta as the Culebra is pumped does confirm that the confining layer is laterally extensive and 
41 has low hydraulic conductivity. However, as discussed in the following paragraph, the fact that we 
42 do not observe drawdowns in the Magenta during pumping tests in the Culebra should not be used 
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1 to infer that flow through the layers does not occur in the undisturbed flow field. 
2 
3 Neuman and Witherspoon (1969a, 1969b) described mathematically the change in 
4 hydraulic head with time that would occur in an aquifer as water is pumped from that aquifer, as well 
5 as the change in hydraulic head mat would occur in a second aquifer and a confining unit separating 
6 the two aquifers. Application of this analysis to the Culebra, Magenta, and Tamarisk shows that the 
7 decrease in hydraulic head with time, that is the drawdown, in the Culebra would be less if vertical 
8 leakage from the Tamarisk occurred than if the no leakage occurred. The leakage would initially 
9 come from storage in the Tamarisk. At later times, water could be drawn from the Magenta if the 

10 pumping continued long enough that the drawdown of heads in the Tamarisk propagated across its 
11 entire thickness. Therefore the effects of leakage would be recognized first in the drawdown 
12 response of the Culebra and only much later, if ever, in the Magenta. 
13 
14 
15 3.1.2.1.4 Numerical Modeling of Vertical Flow 
16 
17 Haug et al. (1987) and Davies (1989) used numerical models to investigate the possible 
18 importance of vertical flow in the undisturbed flow field. They applied constant-head conditions 
19 along the lateral boundaries of a horizontal domain and used source terms to represent vertical flow 
20 at specified rates in selected portions of the domain. Results from these studies show that vertical 
21 flux can be accommodated, and perhaps is necessary, when calibrating this type of model. For 
22 example, Haug et al. (1987) found that it was impossible to calibrate their steady-state confined 
23 model with respect to fluid density without adding small but realistic vertical fluxes in selected 
24 regions. Haug et al. (1987, p. 8-2) concluded that"... future modeling studies should not attempt to 
25 simulate the Culebra dolomite as a completely confined hydraulic system but rather as a leaky-
26 confined aquifer." Davies (1989), also using this approach, performed simulations in which vertical 
27 flow accounted for as much as 25 percent of the total flux through the Culebra. 
28 
29 Following a different approach to evaluate the possible importance of vertical flow, Davies 
30 (1989), Corbet and Wallace (1993), and Corbet (Appendix A of this report) performed simulations 
31 that explicitly include strata that overlie and underlie the Culebra. Davies simulated flow in a 
32 vertical, two-dimensional domain, while Corbet and Wallace performed three-dimensional 
33 simulations. The relief of the water table over the model domain drives flow in both the two- and 
34 three-dimensional simulations. No-flow conditions along the lateral boundaries represent flow 
35 divides. These boundary conditions assure that all flow into or out of the Culebra must be by vertical 
36 leakage through adjacent confining layers. Just as a model that assumes perfectly confined 
37 conditions cannot demonstrate that vertical leakage does not occur, results from these simulations 
38 cannot demonstrate that it does occur. These results do, however, demonstrate that simulations 
39 based on a conceptual model in which vertical leakage is an important component can reproduce 
40 basic features of the regional flow system. For example, modern-day flow within the WBPP-site 
41 boundary is toward the south in the Culebra Dolomite, but is to the west in the overlying Magenta 
42 Dolomite. The three-dimensional simulations show that this counter-intuitive condition can be 
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1 explained as a natural consequence of the regional heterogeneity of the hydrologic system and of 
2 slow vertical leakage through die Tamarisk Member. 
3 
4 Given the lack of evidence for zero vertical flow through confining layers and the support 
5 for slow vertical flow provided by hydrologic models, the current position is that flow through 
6 unfractured confining units in the Rustler Formation is finite but extremely slow. Flow through 
7 confining layers can justifiably be neglected in calculations of flow and transport in single 
8 conductive units at the scale of the land withdrawal area. However, hydraulic continuity through 
9 confining units must be retained in regional three-dimensional flow models. 

10 
11 
12 3.1.2.2 IMPLEMENTATION OF THE CONCEPTUAL MODELS 
13 
14 
15 3.1.2.2.1 Confined Model 
16 
17 Implementation of the confined model for use in the 1992 PA is described in Chapter 7 of 
18 Volume 2 and Chapter 6 of Volume 4 of the Preliminary Performance Assessment for the Waste 
19 Isolation Pilot Plant, December 1992 (WIPP PA Department, 1992). 
20 
21 
22 3.1.2.2.2 Groundwater Basin Model 
23 
24 The groundwater basin model was first implemented in two dimensions along a a vertical 
25 east -west trending cross-section extending from the axis of Nash Draw to a topographically high 
26 region east of the WIPP site (Davies, 1989). A three-dimensional numerical representation of the 
27 groundwater basin model (SEC03D) is currently being developed and used to investigate long-term 
28 regional flow of groundwater in strata above the Salado Formation. The numerical model solves 
29 transient or steady-state equations of groundwater flow. This model differs from other three-
30 dimensional models used to simulate regional groundwater flow in that it treats the water table as 
31 a free surface which rises and falls in response to groundwater flow and the amount of moisture 
32 available for recharge to the saturated zone. Seepage faces (areas where groundwater can discharge 
33 from the flow system) form in regions where the water table is maintained at the land surface. 
34 Unsaturated flow above the water table is not considered in this numerical representation. 
35 
36 For transient simulations, the model solves 

V«£Vfc=St— eq.l 

37 on the interior of the domain to assure conservation of mass. In this equation, hydraulic head h is 
38 the dependent variable, K is a spatially-dependent hydraulic-conductivity tensor, and S s is specific 
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1 storage. No-flow boundary conditions are imposed on the bottom and vertical sides of the domain. 
2 The following pair of equations define a kinematic condition which is imposed on the top boundary 
3 to represent the free surface: 
4 

h(x,yzw)=zjx,yj) eq.2 

(K»Vh +N)»V(h-z) = Sv— eq.3 
y dt 

5 
6 
7 
8 (Bear and Verruijt, 1987). 
9 

10 In these equations, z^ is the elevation of the water table, N is the normal flux due to 
11 recharge and/or evapotranspiration, and Sy is the specific yield. The kinematic condition is applied 
12 if the elevation of the water table is below the land surface. If the water table is at the land surface, 
13 the kinematic condition may need to be converted to a seepage face. The seepage boundary condition 
14 is 
15 
16 

Kx,y*wt)=zls(x,y) eq.A 

17 
18 
19 where z l s is the local land surface elevation and t w i s the time at which the water table encounters the 
20 land surface. To determine whether the kinematic or the seepage boundary condition should be 
21 applied, the vertical speed of the water table, dz^ /dt is computed. The algebraic sign of the quantity 
22 shows whether the water table is falling or rising. The seepage condition is applied at a particular 
23 location if the water table there is rising. The kinematic condition is applied if the water table is 
24 falling. 
25 
26 The lateral boundary of the numerical model follows groundwater divides that inclose a 
27 region that is believed to be sufficiently large to control regional groundwater flow in the supra-
28 Rustler strata (Figure 3.1.2-1). Groundwater divides are assumed to coincide with major topographic 
29 highs and depressions. The boundary follows Nash Draw and the Pecos River valley along the west 
30 and south and the axis of San Simon Swale to the east. The boundary continues up the San Simon 
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1 Swale and dissects topographic highs in the northern part of the model region. 
2 
3 The base of the numerical model is positioned along the top of the Salado Formation. The 
4 hydraulic conductivity of the Salado is sufficiently small that its upper surface can be represented 
5 in this model as a no-flow boundary. The rocks above the are represented as ten hydrostratigraphic 
6 units (Figure 3.1.2-2). Each hydrostratigraphic unit is heterogenous with respect to hydraulic 
7 conductivity. Values of hydraulic conductivity are assigned to portions of the model domain to 
8 represent the rock type (i.e. whether the rock is a dolomite, anhydrite, halite, mudstone, or siltstone) 
9 and the extent to which geologic processes have modified the hydraulic properties of the rocks. 

10 Geologic processes considered include dissolution of the upper portion of the Salado Formation and 
11 the resulting fracturing and disruption of overlying rocks, dissolution of minerals that previously 
12 filled fractures, and plugging of rock pores hy halite cements. These processes are thought to have 
13 occurred in distinct regions. Figure 3.1.2-3 shows the approximate extent of the regions as indicated 
14 by drillhole and geophysical data. As discussed in Section 3.1.2, karst features extending tens to 
15 hundreds of meters might disrupt confining layers and thereby facilitate increased localized recharge. 
16 Features of this scale are not currently represented in the hydraulic conductivity distribution used 
17 for the groundwater basin model. 
18 
19 Simulations performed using three-dimensional numerical models have enhanced the 
20 conceptual understanding of groundwater flow above the Salado in the vicinity of the WIPP (Corbet 
21 and Wallace, 1993; Appendix A of this report). This understanding, in turn, has been applied to 
22 evaluate several scenarios discussed in this paper, including the change in groundwater flow due to 
23 future changes in climate, the impact of subsidence over potash mines, and the effect of shallow 
24 boreholes. 
25 
26 Corbet and Wallace (1993) reported on early results of the three-dimensional modeling 
27 study. These simulations were performed using a modified version of a computer code, 
28 MODFLOW, developed by the United States Geological Survey (McDonald and Harbaugh, 1988; 
29 McDonald et al., 1991). Sandia National Laboratories modified this code to represent seepage faces 
30 in an approximate way. These simulations did not accurately represent groundwater flow near the 
31 WIPP because each hydrostratigraphic unit was assumed to be homogenous with respect to hydraulic 
32 conductivity. Nonetheless, these simulations did demonstrate several important aspects of the 
33 natural hydrogeologic system. The simulations suggested that groundwater flow in the Culebra 
34 Dolomite is strongly influenced by the relief of the water table. A substantial portion of the water 
35 flowing in the Culebra is from slow vertical leakage from overlying confining layers. Also flow 
36 rates and directions in the Culebra are sensitive to the amount of moisture that infiltrates to the water 
37 table. 
38 
39 Results from more recent simulations performed using the SEC03D code confirmed the 
40 results of the earlier simulations and provided additional information about the effects of climate 
41 change (Appendix A of this report). These simulations incorporate the rigorous treatment of the free 
42 surface and seepage face boundary conditions described above, as well as a distribution of hydraulic 
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1 properties that reflects the effect of geologic processes. First a steady-state flow field calculated 
2 using a value of maximum potential recharge of 0.1 cm/yr was compared to a flow field calculated 
3 using a value of 0.01 cm/yr. The maximum potential recharge rate is the fastest rate that moisture 
4 is allowed to infiltrate through the unsaturated zone to the water table. Both rates used are a small 
5 fraction the present-day annual precipitation, approximately 30 cm/yr, at WIPP. This comparison 
6 was done to evaluate whether or not groundwater flow in the Rustler could be sensitive to future 
7 changes in climate. The simulation results suggest that even this difference in potential recharge of 
8 less than a tenth of a centimeter per year could have an impact on flow patterns. Simulated flow in 
9 the Culebra near the WIPP site, for example, is toward the south given the lower rate of recharge, 

10 but is toward the west if the higher rate of recharge is assumed. The flow pattern for the lower 
11 recharge rate (0.01 cm/yr) is similar to the pattern observed today. The hydraulic gradient is 
12 approximately twice as steep in the calculation with higher recharge. Whether or not flow driven 
13 to the west by a steeper gradient would actually result in shorter travel times to the accessible 
14 environment depends on details of the transmissivity distribution which could not be included in 
15 these simulations. 
16 
17 These results show how much a climate change could impact flow in the Culebra if the 
18 change persisted long enough for flow patterns to adjust completely to the change. As the second 
19 part of this study, a transient simulation was performed to evaluate how fast a climate change could 
20 impact groundwater flow patterns. The simulated period of time was the past 14,000 years. Using 
21 the estimated precipitation record for this period (Swift, 1993) as a basis for the temporal pattern 
22 of recharge, the recharge rate was decreased from 0.1 to 0.01 cm/yr over the period from 14,000 
23 until 8,000 years before the present. The rate remained at 0.01 cm/yr for the rest of the simulation. 
24 Flow in the Culebra adjusted slowly enough that the simulated flow pattern for the present-day is 
25 more representative of the 0.1 cm/yr recharge rate assumed for 14,000 years ago than the current 0.01 
26 cm/yr rate. This result implies that the undisturbed pattern of groundwater flow in the Rustier 
27 Formation will not change much over the next 10,000 years. However, this conclusion must be 
28 considered to be tentative because it is based on a single set of model parameters. 
29 
30 These simulations also provide information on how much a change in climate could affect 
31 the thickness of saturated zone in the Dewey Lake Red Beds and the Dockum Group. The saturated 
32 thickness of these units is an important factor in deteraiining whether or not they could act as lateral 
33 pathways for radionuclide migration. Currently, the saturated thickness of these units is not well 
34 known but is thought to be a relatively small portion of their total thickness. The simulations suggest 
35 that if groundwater flow adjusted to the higher, 0.1 cm/yr, recharge rate, the water table in the 
36 vicinity of WIPP would be near the surface and consequently nearly the entire thickness of these 
37 units would be saturated. At the lower recharge rate, the simulated thickness of the saturated zone 
38 is 45 to 80 meters less. This result suggests that perhaps the most important impact of climate 
39 change would be to increase the thickness of saturated sediments above the Rustler Formation. 
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1 Hgure 3.1.2-1. Topography of the and surface and the lateral boundary of the regional groundwater 
2 flow model. Contour interval is 50 m. Model boundary follows groundwater divides along 
3 topographic depressions to the west, south, and east, and dissects topographic highs to the 
4 north. No-flow boundary conditions are used along me entire lateral boundary. 
5 
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Figure 3.1.2-2. Hydrostratigraphic units for the regional groundwater flow model. See Appendix 
A for additional discussion. 
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Figure 3.1.2-3. Zonation of hydraulic conductivity in the regional groundwater flow model. See 
Appendix A for additional discussion. 
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1 3.1.3 Groundwater Geochemistry and Regional Groundwater Flow 
2 
3 • 

4 Summary Statement: Long-term performance assessment calculations to quantify flow and 
5 transport of radionuclides in the Culebra Dolomite are currently made using a two-dimensional 
6 confined flow model, in which groundwater flow is restricted (i.e., stratabound) within the Culebra 
7 and is not influenced by leakage to or from adjacent strata or by recharge from the surface (WIPP 
8 Performance Assessment Department, 1992, Vol. 2, Section 7.6 and Appendix A). Calculations 
9 using the two-dimensional confined flow model indicate that the flow direction in the Culebra above 

10 the repository is southward (LaVenue et al., 1990), a result which is consistent with the calculated 
11 flow path based on potentiometric measurements made in the Culebra from wells around the site. 
12 During the last ten years, several regional-scale geochemical studies have been conducted with 
13 Culebra rocks and groundwaters to evaluate whether inferences made on the basis of hydrogeological 
14 observations are consistent with geochemical observations. Interpretations based on those 
15 investigations have suggested that flow paths in the Culebra above the repository are not southward. 
16 Resolution of that apparent inconsistency is desirable to increase confidence in long-term 
17 performance assessment calculations of flow and transport. Results from a three-dimensional 
18 modeling effort using the groundwater basin concept (see Section 3.1.2 and Appendix A of this 
19 report) suggest that the apparent inconsistency can be resolved with that more comprehensive 
20 hydrogeological numerical modeling technique. Until that work is completed, however, the baseline 
21 position on diis issue is simply mat available information is insufficient to explain regional 
22 groundwater geochemistry in the context of hydrogeological observations. 
23 
24 
25 Discussion: To evaluate present-day groundwater flow paths in the Culebra, several regional-scale 
26 geochemical investigations have been conducted on Culebra rocks and groundwaters over the past 
27 decade. A detailed review of that work is beyond the scope of this position paper, and would not add 
28 to existing published reviews (refer to Lappin, 1988; Lappin et al., 1989, sections 3.3.2 and 3.3.3; 
29 WIPP Performance Assessment Division, 1992, volume 2, section 2.2.3.6; U.S. Department of 
30 Energy, 1994, section 2.2.2). The objective of the following discussion is only to provide a brief 
31 review of the results of some of the more extensive regional geochemistry investigations, and the 
32 interpretations that those authors made. 
33 
34 The most recently completed and published body or work on this topic used results from 
35 interpretations based on an extensive compilation of lateral changes in isotopic (stable and 
36 radiogenic) ratios of Culebra rock, mineral, and groundwater; solute (major and minor ions) 
37 concentrations in Culebra groundwater; and the mineralogy of the Culebra (Lambert, 1987; Lambert 
38 and Carter, 1987; Lambert and Harvey, 1987; Bodine et al., 1991; Siegel and Lambert, 1991; Siegel 
39 et al., 1991b; Lambert, 1991,1992; Siegel and Anderholm, 1994). A concise summary of that work 
40 can be found in Siegel et al. (1991a, pages ES-1 to ES-5). 
41 
42 Siegel et al. (1991b) refined a hydrogeochemical facies distribution of Culebra 
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1 groundwaters using a rather extensive data base of chemical analyses of groundwaters collected from 
2 monitoring and irrigation wells near the WIPP site. Siegel et al. showed that Culebra groundwater 
3 residing in the eastern half of the WIPP site consists of approximately 2 to 3 molal ionic strength 
4 sodium chloride brine whereas groundwater in the western half of the site consists of approximately 
5 0.3 to 1.6 molal ionic strength sodium chloride brine. Groundwater compositions south of the WIPP 
6 are relatively dilute calcium sulfate waters, with ionic strengths of about 0.1 molal. Assuming that 
7 the ionic strength of a groundwater increases along a flow path, the distribution of groundwater 
8 hydrogeochemical fades is not consistent with the southward flow direction calculated by LaVenue 
9 et al. (1990) from potentiometric data. 

10 
11 One possible explanation for the apparent inconsistency has been proposed by Chapman 
12 (1986, 1988), who coupled an extensive compilation of stable and radiogenic isotope ratios of 
13 Rustier Formation groundwaters with isotopic data from regional groundwaters and surficial waters. 
14 Chapman cited evidence for shot residence times of Culebra groundwaters and postulated that 
15 recharge from the surface could account for the less concentrated groundwaters south of the WIPP 
16 Site. That explanation, however, is not supported by the isotopic and solute data described in later 
17 work by Lambert, Siegel, and others. Specifically, radiogenic isotopic signatures suggest that the 
18 age of the groundwater in the Culebra is on the order of tens of thousands of years (Lambert, 1987; 
19 Lambert and Carter, 1987; Lambert and Harvey, 1987). An alternative explanation for the apparent 
20 inconsistency was put forth by Siegel et al. (1991a, and references therein). Those authors contend 
21 that there has been a change in the location and amount of recharge since the last glacial maximum 
22 and that the present distribution of solutes and isotopes in the Culebra is a relict of a flow regime of 
23 a wetter climate, in which the recharge area was in the vicinity of Nash Draw resulting in an 
24 eastward paleo-flow direction. The current distribution of hydrogeochemical facies, therefore, 
25 represents a rock-water system that is still slowly reaching a new chemical and physical equilibrium. 
26 
27 Currently, a detailed resolution of the apparent inconsistency between regional-scale 
28 geochemical observations and flow directions calculated from potentiometric data has not been 
29 reached. However, preliminary results of three-dimensional calculations using the groundwater 
30 basin approach in general support the explanation put forth by Siegel et al. (1991 a, and references 
31 therein; see also Siegel and Anderholm, 1994), that the flow direction in the Culebra has changed 
32 since the wetter climate of the Late Pleistocene, although the Pleistocene flow direction may have 
33 been quite unlike that previously proposed (See Sections 3.1.2 and 3.4.1 and Appendix A of this 
34 report). On the basis of those preliminary results, the WIPP Project expects that the apparent 
35 inconsistency will be resolved. 
36 
37 
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1 
2 3.1.4 Castile Brine Reservoirs 
3 
4 Summary Statement: Pressurized brine reservoirs are found at some locations in the uppermost 
5 anhydrite layer of the Castile Formation. TDEM surveys indicate the possible presence of three 
6 or four of these reservoirs beneath portions of the WIPP disposal rooms. How from a brine 
7 reservoir through an intrusion borehole into the Culebra dolomite can be modeled by treating the 
8 brine reservoir as an exponentially decaying source characterized by the parameters pressure, 
9 volume, and storativity. Future calculations of possible flows from brine reservoirs should use 

10 values for volume and storativity based on the available data, and should limit the number of 
11 independent reservoirs that might be encountered to four. 
12 
13 Discussion: Pressurized brine reservoirs have been encountered within the uppermost anhydrite 
14 layer of the Castile Formation in at least 13 boreholes in the Delaware Basin (Figure 3.1.4-1) 
15 (Popielak et al., 1983). Two of these boreholes, WDPP-12 and Belco-Hudson, are on or within a 
16 mile of the WIPP site. Many more boreholes penetrating the Castile near the WIPP site have not 
17 encountered brine reservoirs (e.g., AEC-8, Badger Unit Federal #1, Cabin Baby-1, Cotton Baby, 
18 DOE-1, DOE-2, James Ranch #1, WIPP-11, and WIPP-13). Time-domain electromagnetic 
19 (TDEM) surveys conducted at the WIPP site have indicated the possible presence of three or four 
20 Castile brine reservoirs beneath portions of the WIPP disposal rooms (Earth Technology 
21 Corporation, 1988, p. 8). 
22 
23 Based on the TDEM survey, PA has assumed that Castile brine reservoirs underlie 25 to 
24 57% of the WIPP disposal area. Therefore, 25 to 57% of the exploratory boreholes penetrating 
25 the WIPP repository in PA human-intrusion scenarios connect the Culebra and the repository to a 
26 Castile brine reservoir. The 1992 PA model of the brine reservoir followed the approximation 
27 developed by Reeves et al. (1991), summarized below. 
28 
29 Reeves et al. (1991) examined ways to implement a borehole connection between a brine 
30 reservoir, the repository, and the Culebra in a numerical model. They conceptualized the brine 
31 reservoir as a three-component system: an inner highly fractured ring having a transmissivity 
32 between 7 x 10"6 and 7 x 10"2 m2/s, an outer less fractured ring having a transmissivity between 7 
33 x 10"8 and 7 x 10"4 m2/s, and an infinite surrounding region of intact anhydrite having a 
34 transmissivity between 1 x 10"13 and 1 x 10"9 m2/s (p. 2-6). They found (p. 5-12) that so long as 
35 borehole permeability was in the range from 10'14 to 10'10 m2, the only properties of a Castile 
36 brine reservoir that were important in calculating flow into the Culebra dolomite were the 
37 reservoir pressure, storativity, and outer-ring radius (or reservoir volume); the different 
38 transmissivities and the radius of the inner ring were found to be unimportant over the ranges 
39 considered. This finding allows a brine reservoir to be treated as an exponentially decaying 
40 source term in numerical models. 
41 
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1 
2 The combination of brine reservoir volume and storativity used in the 1992 PA 
3 calculations was such that the initial pressure of the brine reservoir did not appreciably deplete 
4 over 10,000 years. In effect, the brine reservoir behaved as a constant-pressure source and the 
5 release of brine and radionuclides to the Culebra was overestimated. The 1992 PA calculations 
6 assumed a brine reservoir volume of 2 x 108 m3. Popielak et al. (1983, p. H-54) estimated the 
7 WIPP-12 reservoir volume to be about 3 x 106 m3, with a range of uncertainty from 3 x 105 to 1 x 
8 107 m3. The ERDA-6 reservoir volume is estimated at 1 x 105 m 3, with a range of uncertainty 
9 from 1 x 104 to 5 x 10s m 3 (Popielak et al., 1983, p. H-48). Future calculations should not use 

10 reservoir volumes larger than the 1 x 107 m 3 upper limit on the WIPP-12 reservoir volume. 
11 
12 The storativity range used in the 1992 PA calculations was developed from erroneous 
13 values presented in Reeves et al. (1991, Table A-1, p. A-2,3) for the volumes of brine produced 
14 from the WIPP-12 reservoir during different testing activities. The total volume indicated by 
15 Table A-l of Reeves et al. (1991) is 37,924 m 3, whereas the correct value is only 13,469 m 3 

16 (D'Appolonia, 1982, Figure 4; 1983, p. 3-1). Thus, the storativity range of 2 x 10'2 to 2 m3/Pa 
17 used in the 1992 PA (Sandia WIPP Project, 1992, p. 4-15) should be reduced to 7 x Iff3 to 7 x 
18 Iff1 m3/Pa in future calculations. 
19 
20 The 1992 PA also considered each borehole hitting a Castile brine reservoir to be an 
21 independent event, with each hit encountering a fully pressurized and separate brine reservoir. 
22 Future calculations should limit the number of brine reservoirs to four, based on the results of the 
23 TDEM survey (Earth Technology Corporation, 1988, p. 8). 
24 
25 
26 3.1.5 Multi-Phase Flow 
27 
28 Summary Statement: Numerical evaluations of flow and transport in the Culebra to date have 
29 treated the unit as being fully saturated (single-phase liquid only). No numerical studies have 
30 been performed to make a determination of the effect of unsaturated conditions which could 
31 occur as a result of gas entering the unit through a borehole either from the Castile brine reservoir 
32 or the repository. 
33 
34 Discussion: Two-phase or unsaturated flow conditions in the Culebra and other non-Salado 
35 units occurs naturally and may also occur as a result of human intrusion. Two-phase conditions 
36 will alter the flow field to an uncertain extent, and may in turn impact transport velocities. 
37 
38 Unsaturated flow occurs naturally in formations above the water table. Due to capillary 
39 pressure differences between the units, the various layers above the water table can act as 
40 capillary barriers to inflow or infiltration. The natural dip of the layers can divert the flow 
41 laterally from its infiltration location, and the storage capacity of the unsaturated units could alter 
42 the flow rate at die water table compared to me inflow at the surface. 
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1 Human intrusion scenarios may introduce gas into the boreholes either from such sources 
2 as the Castile brine reservoirs or from gas in the repository due to gas generation in the waste. 
3 Depending on the borehole details including the plugs, some of this gas may be introduced into 
4 non-Salado formations or flow to the surface. Because of the lower pressures in the units above 
5 the Salado, the gas volume will expand over the volume occupied in the reservoir. Gas bubbles 
6 could alter the natural flow patterns and velocities of the brine due to flow blockage and density 
7 differences, and the gas bubbles could migrate differently than the brine. Fracture-matrix flow 
8 could be significantly changed with the introduction of gas due to the capillary pressure 
9 difference between the phases, possibly resulting in gas flow primarily in fractures and brine flow 

10 primarily in the matrix. Chemistry could also be changed by the introduction of gas into the non-
11 Salado units, affecting radionuclide retardation. 
12 
13 At the present time, the non-Salado formations are analyzed using single-phase or fully 
14 saturated approaches, ignoring the possible influence of unsaturated or two-phase conditions. An 
15 evaluation of the possible effects of unsaturated and two-phase conditions, including scoping 
16 studies as necessary, could be conducted to assess the potential impact on system performance. 
17 For example, it is possible that permeability of the borehole plugs is high enough that any gas 
18 released up a borehole would escape to the surface and not enter the Culebra. 
19 
20 
21 3.2 Culebra Flow and Advective Transport 
22 
23 This section contains conceptual and mechanistic models concerning fluid flow and 
24 advective transport in the Culebra. Calculations of radionuclide transport in the Culebra are 
25 performed in two steps. First, calculations are performed to determine a flow field and its 
26 respective specific discharge. Specific discharge is the rate at which groundwater flows through 
27 a unit cross-sectional area of rock. Although specific discharge has the units of velocity, it does 
28 not represent the actual velocity of flow. The real velocity (interstitial velocity) is faster because 
29 the fluid can only flow through the area provided by pores and fractures in the rock, rather than 
30 the entire cross-sectional area. A second step is required to transform the specific-discharge field 
31 into the interstitial velocity and to account for physical and chemical retardation of the 
32 radionuclides. This second step is more difficult because it must take into consideration the fact 
33 that the Culebra is fractured and acts as a double-porosity medium. 
34 
35 A critical piece of information required to calculate the specific-discharge field is the 
36 distribution of the rock's transmissivity. The transmissivity of the Culebra has been measured at 
37 a relatively large number of locations (see Section 4.2.2). The models used to transform these 
38 discrete data into a continuous distribution of transmissivity are. described in Section 3.2.1. 
39 Knowledge of a second parameter, the rock storativity, is required to perform calculations of a 
40 flow field that changes with time. As discussed in Section 3.2.2, fewer measurements of rock 
41 storativiry have been made. Section 3.2.3 considers the effects of the spatial distribution of fluid 
42 density in the Culebra on the flow field. Artificial change to the density distribution can be 
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1 introduced by leakage from boreholes (Section 3.2.4). Leakage from boreholes could also 
2 introduce multi-phase (gas in addition to liquid) flow into the Culebra and, through, rock/water 
3 interactions modify the hydraulic and retardation properties of the Culebra. Models that 
4 incorporate the effects of fractures, the double-porosity model and the channeling model, are 
5 described in Sections 3.2.5 and 3.2.6. Finally, Section 3.7 discusses the role of dispersion in 
6 radionuclide solute transport. 
7 
8 
9 3.2.1 Transmissivity 

10 
11 Summary Statement: Measured transmissivity values vary spatially over several orders of 
12 magnitude near WIPP. The spatial variations in transmissivity are implemented by numerically 
13 generating realizations conditioned on observed head and transmissivity values using the pilot 
14 point technique (LaVenue and RamaRao, 1992). This approach of generating transmissivity 
15 realizations has been extensively reviewed.. 
16 
17 Discussion: Measured transmissivity values (see Section 4.2.2) vary spatially over several 
18 orders of magnitude, trending from lower values east of WIPP to higher values west of WIPP. 
19 The spatial variations in transmissivity are implemented by numerically generating realizations 
20 conditioned on observed head and transmissivity values using the pilot point technique (LaVenue 
21 and RamaRao, 1992). Multiple realizations are generated and sampled on to address the 
22 uncertainty associate d with the transmissivity field. This approach has been extensively 
23 reviewed. Transmissivity is assumed to be constant over time. 
24 
25 
26 3.2.2 Storativity 
27 
28 Summary Statement: Interpreted storativity values vary spatially in the vicinity of the WIPP 
29 over a few orders of magnitude. Performance assessments to date have assumed a spatially 
30 invariant value for storativity. This assumption results in incorrect Darcy velocities in transient 
31 flow simulations, although the uncertainty cannot be quantified at this time. 
32 
33 Discussion: Storativity is an important hydraulic parameter during transient events, such as 
34 pumping or injection, because it affects the head gradients that are created, which in turn affect 
35 the groundwater velocities. Therefore, accurate calculations of solute transport under transient 
36 conditions rely on accurate definition of the storativity (and transmissivity) field. Storativity 
37 values interpreted from hydropad-scale pumping tests of the Culebra at the WIPP site range from 
38 3 x W6 (Gonzalez, 1983) to 3 x 10"4 (Saulnier, 1987; Beauheim, 1989). Storativity data are 
39 sparse, however, and no attempt at defining a storativity field over the WIPP site has been 
40 performed. 
41 
42 In the GRASP-INV modeling used to define the transmissivity fields for the 1992 PA 
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1 calculations (LaVenue and RamaRao, 1992), a constant storativity value of 2 x 10"5 was assigned 
2 throughout the modeling domain. Because the transmissivity fields are calibrated to transient 
3 events, the assumption of a spatially constant storativity leads to inaccurate definition of 
4 transmissivity fields and, hence, inaccurate estimates of the Darcy velocities in calculations based 
5 on those transmissivity fields. The magnitude and direction of the flow uncertainties resulting 
6 from the approach employed cannot be determined without numerical simulations. 
7 
8 Future GRASP-INV modeling should solve for both the transmissivity and storativity 
9 fields that are consistent with the observed transient head data. The resultant storativity and 

10 transmissivity fields should be used for any calculations of transient flow and transport 
11 conducted for PA. WIPP PA may wish to consider alternative inverse techniques that 
12 simultaneously estimate transmissivity and storativity from transient data. 
13 
14 
15 3.2.3 Variable-Density Flow 
16 
17 Summary Statement: The Culebra dips gently from west to east. Variable-density conditions 
18 exist naturally within the Culebra due to varying concentrations of total dissolved solids (TDS), 
19 with fluid density increasing from west to east. The numerical implementation of a horizontal 
20 stratigraphy is strictly correct only for constant-density, single-phase fluid flow and transport. If 
21 large fluid density gradients are present, heavier fluids will move preferentially downdip (to the 
22 east) relative to lighter fluids, and horizontal models may underestimate the eastward component 
23 of transport. The effects of stratigraphic dip are expected to be insignificant, but supporting 
24 simulations have not been performed to date. The effects of enhanced migration of heavier fluids 
25 to the east cannot be incorporated into a horizontal model because density gradients may be in a 
26 different direction than pressure (hydraulic head) gradients. 
27 
28 Discussion: The Culebra varies in thickness from about 4 to 12 m and dips an average of 0.44 
29 degrees (Davies, 1989) from west to east. Variable-density conditions exist naturally within the 
30 Culebra, with fluid density increasing from west to east. Additional density variations may be 
31 introduced by fluid from an intrusion borehole (see Section 3.2.4). 
32 
33 A rigorous implementation of variable-density flow and transport in a non-horizontal unit 
34 must consider pressure and density gradients independently. Pressure gradients drive flow from 
35 high pressure to low pressure whereas density gradients drive flow from high elevation to low 
36 elevation. The directions of these two gradients are not coincident. For horizontal flow, density 
37 gradients are zero, and pressure gradients define the direction of flow. In this case pressure 
38 gradients can be represented by equivalent freshwater heads. However, for non-horizontal flow, 
39 equivalent freshwater heads cannot be used because the effects of density gradients are not 
40 properly reproduced. 
41 
42 The west to east fluid density gradients enhance transport of higher density fluids (such as 
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1 contaminated brine from the repository) downdip (to the east). This effect on transport is 
2 expected to be insignificant, but supporting simulations have not been performed to date. Davies 
3 (1989) concluded that ignoring the impact of density-driven flow may be acceptable in some 
4 areas of the WIPP domain but it is not acceptable in others, particularly in the southern portion. 
5 However, over the modeling periods of concern, flow deviations due to density effects are 
6 expected to be minimal. 
7 
8 
9 3.2.4 Fluid from an Intrusion Hole 

10 
11 Summary Statement: Connection of the Culebra with the Salado and a Castile brine reservoir 
12 through an intrusion borehole could allow brine to flow into the Culebra. This could cause the 
13 head in the Culebra to increase, locally inducing radial flow from the borehole. The area affected 
14 will depend on the local transmissivity and storativity of the Culebra, as well as on the flow rate 
15 into the Culebra. Reeves et al. (1991) predicted a decrease in radionuclide travel time to the site 
16 boundary of up to 7.4% due to a fluid disturbance from an intrusion borehole. This effect can be 
17 implemented in an undisturbed flow field by increasing hydraulic heads in the vicinity of the 
18 borehole. Potential density, chemical, and multiphase effects from the intrusion fluid are 
19 discussed in other sections. 
20 
21 Discussion: The fluid from an intrusion borehole could have the following four effects on flow 
22 and transport in the Culebra: 
23 
24 1) Increase hydraulic gradients and flow velocities in the vicinity of the borehole. 
25 
26 2) Change the density of the Culebra fluid. 
27 
28 3) Result in rock/water interactions that alter flow and transport properties in the 
29 Culebra. 
30 
31 4) Result in multiphase flow conditions in the Culebra. 
32 
33 Reeves et al. (1991, p. 3-12 to 3-18) quantify the impact of an intrusion borehole on the 
34 Culebra flow field. At 10,000 years, the disturbed flow field is predicted to be only 12.5 m wide 
35 downstream from the well. Conditional on the assumptions of their model, for a borehole 
36 permeability of 10"10 m 2, the travel time to the site boundary is predicted to be 7.4% faster than 
37 the undisturbed case. For lower borehole permeabilities, the impact on travel time is less. 
38 
39 The other affects listed above are discussed in Sections 3.2.3,3.3.1, and 3.1.5. 
40 
41 
42 3.2.5 Double Porosity 
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1 Summary Statement: At some locations on and around the WIPP site, the Culebra dolomite is a 
2 double-porosity medium. In this usage, double porosity simply means that the Culebra has two 
3 porosities, matrix and fracture. Observations from core samples and the results of hydraulic and 
4 tracer tests provide evidence for areas where the Culebra responds as a double-porosity medium 
5 and other regions where it responds as a single-porosity, matrix-only medium. 
6 
7 The double-porosity conceptualization used by WIPP PA Department (1992) assumes 
8 that advective transport occurs only in fractures, with diffusion of radionuclides and 
9 contaminants occurring between the fractures and matrix. Sensitivity studies (Helton et al., 

10 1992; WIPP PA Deparment, 1993, v. 4) have shown that cumulative release can be reduced if 
11 radionuclides that are transported in the fractures can diffuse into the matrix. In the double-
12 porosity conceptualization as implemented by PA, one of the most important parameters for 
13 transport is the effective surface area for diffusion which is represented by the fracture spacing 
14 (matrix block size). This parameter is not well characterized. 
15 
16 It is acceptable to model the entire Culebra as a double-porosity medium. This may cause 
17 calculated velocities to be slightly too high in the lower transmissivity zones where the Culebra 
18 actually behaves as a single-porosity medium, leading to slight overestimates of radionuclide 
19 transport. 
20 
21 Discussion: At some locations on and around the WIPP site, the Culebra is a double-porosity 
22 medium. By double porosity we simply mean the Culebra has two porosities. The primary 
23 porosity or original porosity is the porosity within the rock matrix. Analysis of core samples 
24 suggests that the matrix porosity (or volume of void space between grains divided by total 
25 volume) is in the range of .03 to .30 (Kelley and Saulnier, 1990). The secondary porosity is die 
26 void space of the fractures divided by total volume. A critical issue for transport in a fractured 
27 medium is the degree to which fractures and matrix interact. 
28 
29 In a double-porosity, fractured medium, flow is generally conceptualized as occurring 
30 primarily in the fractures because flow velocities are usually orders of magnitude higher in the 
31 fractures than the matrix. However, diffusive (or advective) transport of radionuclides or 
32 contaminants from fractures into the matrix can act as an important physical retardation process. 
33 
34 The double-porosity conceptualization used by WIPP PA Department (1992) assumes 
35 that advective transport occurs only in fractures, with diffusion of radionuclides and 
36 contaminants occurring between the fractures and matrix. Sensitivity studies (Helton et al., 
37 1992; WIPP PA Department, 1993, v.4) have shown mat cumulative release can be reduced if 
38 radionuclides mat are transported in the fractures can diffuse into the matrix. In the double-
39 porosity conceptualization as implemented by PA, one of the most important parameters for 
40 transport is the effective surface area for diffusion per unit volume of fluid, which is represented 
41 by the fracture spacing (matrix block size). This parameter is not well characterized. 
42 
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1 Field tests near the WIPP site have provided evidence for areas where the Culebra 
2 appears to respond as a double-porosity medium and other areas where it appears to respond as a 
3 single-porosity (matrix-only) medium. Conservative tracer tests have been conducted within the 
4 Culebra at several locations for transport scales ranging from approximately 20 to 40 m. 
5 Convergent-flow and two-well recirculating tracer tests provide data that can be used to 
6 characterize the flow and transport process. The observed long time period required for initial 
7 (detectable) tracer breakthrough (74 to 316 days) for the H-2 and H-4 tracer tests suggests the 
8 prevalence of single-porosity, matrix-only transport at these locations. Hydraulic-test responses 
9 at these two hydropads also indicate single-porosity, matrix-only conditions. Interpretations of 

10 pumping tests and tracer tests at the H-3, H-6 and H-l 1 hydropads suggest that the Culebra 
11 behaves as a double-porosity (fracture plus matrix) medium at these locations. Significant 
12 fracture participation in transport is evidenced by rapid initial tracer breakthrough (1 to 21 hrs) 
13 on one travel path at the H-3, H-6, and H-l 1 hydropads (Jones et al., 1992). 
14 
15 Values of two so-called "double-porosity" parameters have been interpreted from the 
16 convergent-flow tracer tests conducted at the H-3, H-6, and H-l 1 hydropads (Jones et al., 1992): 
17 fracture porosity and fracture spacing (matrix-block length). The values presented by Jones et al. 
18 (1992), however, are specific to the numerical model used for test interpretation and do not 
19 represent intrinsic or exact properties of the Culebra. The fracture porosity values, for example, 
20 were calculated assuming that tracer traveled in a straight line from the tracer-injection well to 
21 the tracer-recovery well under radial flow conditions. Within the numerical model used for the 
22 test interpretations (SWIFT U), this fracture porosity was assumed to exist within three 
23 orthogonal fracture sets with equal and uniform apertures. In actuality, the fracture porosities 
24 presented by Jones et al. (1992) represent the effective flow porosity for any fracture geometry, 
25 but always under the assumptions of continuous, isotropic radial flow. 
26 
27 The fracture spacings presented by Jones et al. (1992) are also specific to the assumed 
28 cubic fracture geometry, as well as to assumptions made about the flow rate along the various 
29 flow paths. The fracture spacings cannot be considered separately from other parameters used in 
30 the tracer-test analyses. That is, fracture spacing is directly correlated with matrix tortuosity and 
31 free water diffusion coefficient through the characteristic matrix diffusion time (x) given by: 
32 
33 T = L 2/@D 
34 
35 where: L = one-half the fracture spacing 
36 0 = matrix tortuosity 
37 D = free water diffusion coefficient. 
38 
39 In the interpretations presented in Jones et al. (1992), values of 9 and D were specified 
40 based on laboratory data and values for L were determined for each tracer test through curve 
41 matching. In effect, the uncertainty in all three parameters was lumped into the estimate of 
42 fracture spacing. 
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1 The parameter defined through tracer-test interpretations, however, is not fracture spacing 
2 but the ratio of fracture surface area to matrix volume. The tracer-breakthrough behavior in a 
3 tracer test would be the same for any fracture geometry having the same surface to volume ratio, 
4 so long as the tracer does not diffuse all the way to the center of the matrix block. That is, the 
5 breakthrough curve produced by a test of a system with cubic matrix blocks would be identical to 
6 the curve produced by a test of a system with slab blocks with one-third the thickness of the 
7 cubic blocks, until the tracer reached the center of the slabs. The time at which this occurs is 
8 given by the characteristic matrix diffusion time defined above. Tracer tests provide no 
9 information on fracture geometry until the characteristic matrix diffusion time is exceeded and 

10 matrix saturation effects begin to be observed. Jones et al. (1992) assumed cubic (or spherical) 
11 matrix blocks in their tracer-test interpretations. If their results are to be used to simulate 
12 transport through a system having a different assumed geometry, their calculated fracture 
13 spacings would have to be adjusted to create the correct surface to volume ratio in the new 
14 geometry. 
15 
16 For any fracture geometry, the characteristic matrix diffusion times for radionuclides 
17 would be different dian those determined for the benzoate tracers used in the tracer tests at WIPP 
18 because of different free water diffusion coefficients. The other two parameters contributing to 
19 the diffusion time, fracture spacing and matrix tortuosity, can be used to simulate radionuclide 
20 transport so long as the ratio of the specific values used, as given in the above equation, does not 
21 change. That is, fracture spacing and matrix tortuosity are correlated parameters and should not 
22 be sampled independently of one another. 
23 
24 It isappropriate to model the entire Culebra as a double-porosity medium even though 
25 portions of it appear to be single porosity. This may cause calculated velocities to be slightly too 
26 high in the lower transmissivity (single-porosity) zones, leading to slight overestimates of 
27 radionuclide transport. 
28 
29 
30 3.2.6 Channeling 
31 
32 Summary Statement: Fracture channeling in the Culebra may result in up to a factor of 10 
33 increase in radionuclide release relative to uniform flow over entire fracture planes due to higher 
34 velocities and reduced matrix diffusion in a numerical implementation of double-porosity 
35 transport. 
36 
37 Discussion: Fracture channeling occurs through discontinuous networks of relatively high-
38 conductivity channels within individual fractures planes. Typically these channels represent 
39 areas where fracture apertures and fracture connectivity are greatest. Areas where fracture 
40 apertures are smaller, or where flow paths run into dead ends, represent relatively stagnant areas 
41 that may provide temporary storage of solutes. Observations by Holt and Powers (1990, p. 3-19) 
42 of the Culebra in the Air Intake Shaft indicate that flow is concentrated within a 1.7-m-thick 
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1 horizon mat is more extensively fractured than the rest of the Culebra. However, all fractures are 
2 not equally productive and individual fractures do not produce water uniformly over their entire 
3 lengths. Rasmuson and Neretnieks (1986, p. 1247) report that 90% of the water flowing through 
4 a fracture typically passes along only 5 to 20% of the fracture plane. 
5 
6 Relative to the case of uniform flow over the entire fracture plane, channeling increases 
7 the fluid velocity and reduces the fracture surface area available for matrix diffusion. Increasing 
8 fluid velocity decreases both travel time and matrix diffusion. Reducing the surface area 
9 available for diffusion likely would not be significant for regional-scale transport because the 

10 travel time would be larger than the time required for fracture and matrix solute concentrations to 
11 reach equilibrium (Dykhuizen, 1992, p. 2450), provided that the fractures and channels were no 
12 more than approximately a meter apart. Given that fracture and channel spacings are not known 
13 to be less than one meter, fracture channeling in the Culebra may result in up to a factor of 10 
14 increase in radionuclide release relative to uniform flow over entire fractures planes in a 
15 numerical implementation of double-porosity transport. 
16 
17 
18 3.2.7 Plume Dispersion 
19 
20 Summary Statement: Rapid pressure responses to pumping observed over large distances in 
21 wells suggest extensive connectivity of fractures in portions of the WBPP land-withdrawal area. 
22 Tests that reveal delayed yield from storage under such fractured conditions dictate the use of 
23 either a double-porosity or double-medium (double permeability) model to represent Culebra 
24 transport. 
25 
26 Discussion: Large-scale dispersion of contaminants in such situations is controlled to various 
27 degrees by the following mechanisms (see Figure 3.2.7-1): 
28 
29 1) Dispersion of solute moving within individual fractures of the system. This is 
30 dispersion that occurs within the fracture due to longitudinal velocity variations imposed 
31 by laminar flow modified by transverse diffusion and the effect of variations of aperture, 
32 roughness, and channeling. 
33 
34 2) Dispersion of the plume due to the divergent, intersecting network of variable aperture 
35 conduits that comprise the fracture geometry. This dispersion is very dependent on the 
36 statistical properties of the heterogeneous fracture network (fracture orientations, 
37 spacings, extent, connectivity, and the mechanism of partitioning of flow). 
38 
39 3) Advective flow from fracture to matrix and matrix to fracture. This mechanism, 
40 coupled with matrix diffusion greatly increases the effective dispersion of the plume. 
41 
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1 
2 4) Macroscopic dispersion of the plume in matrix transport. This type of dispersion has 
3 been well studied and is controlled largely by the variability of the matrix permeability, 
4 its associated correlation scales and the initial size of the plume. 
5 
6 5) Local dispersion in matrix transport. This dispersivity is typically measured in tracer 
7 tests of non-fractured media and is important in the calculation of the variability of a 
8 plume in a single realization of transport in the matrix. 
9 

10 The most complete model (here referred to as the Fracture Network Model) possible for 
11 transport would include separate flow models for the matrix and fracture systems with continuity 
12 imposed at their boundaries. Transport between me fracture network and matrix would be 
13 carried out via advective flow and diffusion between these two systems. The fracture network 
14 would be generated using statistical parameters observed in outcrops and from well logging as 
15 well as parameters inferred from tracer tests, while the matrix parameters would be obtained 
16 from laboratory core tests as well as pump and tracer tests at the wells that do not show a 
17 significant amount of fracture behavior. A less extensive model (referred to as the Matrix 
18 Advection Extension to PA Models) may be suitable for use in future performance assessments. 
19 
20 
21 3.2.7.1 MATRIX ADVECTION EXTENSION TO PA MODELS 
22 
23 This proposal starts wkh the existing PA flow and transport models (SECO-FLOW and 
24 SECO-TRANSPORT). Both models are modified to include matrix advection. Transmissivities 
25 that were previously derived from pump tests in double-porosity and matrix media are then 
26 re-analyzed to separate matrix and fracture transmissivities and to deduce fracture porosities. 
27 First and second moments of their distributions and correlation lengths are estimated from these 
28 data. The proposed flow and transport model will include a spatially-variable fracture porosity, 
29 diffusion coefficient, and matrix permeability but will use a two-dimensional horizontal fracture 
30 geometry. Solute may be transported to the matrix via advection or diffusion. Advection may 
31 result from local dead-end fractures or, where the number or width of fractures diminish, due to 
32 decreases in fracture porosity. Realizations of the specific discharge and velocity fields are 
33 calculated using matrix and fracture permeabilities and fracture porosity realizations generated 
34 from their respective distributions. This step may require modifications to an existing inverse 
35 code to generate both fracture and matrix permeability fields as well as a fracture porosity field 
36 consistent with slug, pump and tracer test data. The specific discharge and velocity fields are 
37 then used to simulate flow and transport within the fracture and matrix network. Gradients 
38 computed through the matrix between the fractures produce advective flow and transport of the 
39 contaminant between matrix and fracture and vice-versa. Spatially-variable local parameters 
40 control dispersion within the fracture system and within the matrix. 
41 
42 
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1 Discussion: Matrix Dispersivity 
2 
3 Modern stochastic theory in single-porosity (matrix) media has shown large-scale 
4 transmissivity variability and its associated correlation length to be the controlling factors in the 
5 macroscopic dispersion of a solute plume in matrix flow problems. In the 1992 PA, all mass 
6 transport was conducted through a fracture system with constant fracture aperture 
7 (double-porosity model) and there was no advective transport wkhin the matrix. Although 
8 transmissivity data exist to adequately describe large-scale transmissivity variations and 
9 consequent macroscopic plume dispersion in single porosity simulation, the present 

10 double-porosity numerical model permits no advective flow in the matrix and, hence, no 
11 macroscopic matrix dispersion. On the other hand, the local specific discharge calculated from 
12 transmissivity realizations using the SEC02D FLOW code is used to calculate local flow 
13 velocities within the fractures. These velocities, variable in the plane of bedding, disperse the 
14 solute confined within a single fracture in a manner that is supposed to represent the entire 
15 matrix/fracture system. Actual dispersion within a single "real" fracture system is dominated by 
16 the distribution of fracture apertures as well as the parabolic velocity profile and so may differ 
17 significantly from the system modeled in the 1992 PA. Lack of variability in the modeling of 
18 geometric parameters describing the fracture system will tend to underestimate fracture 
19 dispersivity. Dispersion is probably modeled overly-conservatively in the 1992 PA. 
20 
21 A more realistic representation of the true behavior in the Culebra entails the use of a 
22 model that includes matrix advection, matrix permeability and porosity estimated from wells 
23 exhibiting matrix flow with additional estimates of matrix permeability from dual porosity test 
24 data where the matrix permeability and fracture permeability are estimated separately. The 
25 computation of dispersion in the double-porosity media may be more faithfully modeled thereby. 
26 
27 Discussion: Fracture porosity variability 
28 
29 The use of the 1992 PA double-porosity model presents a dilemma in that radionuclide 
30 transport is principally conducted through a series of parallel 2D horizontal fractures, which is an 
31 unlikely, albeit conservative, conceptualization of the actual mixed fracture/matrix flow system. 
32 It is particularly important to identify geometric fracture parameters from field data because the 
33 objective of field tests is to characterize qualitatively the geologic mechanisms important to 
34 transport at the WIPP site. It has been noted that different sets of geometric parameters and even 
35 different conceptual models (Gelhar, 1993, p. 216) may produce reasonable fits to concentration 
36 breakthrough curves. The matching of a single geometric parameter, namely spacing of a cubic 
37 system of fractures, using SWIFT II simulations as done in Jones et al. (1992) is believed to be as 
38 good as is possible given the present state of the art in analysis of tracer test data. Other models, 
39 using site-specific geologic data could provide alternate interpretations, as noted elsewhere. 
40 
41 Because the double-porosity conceptual model used in the 1992 PA permits no advective 
42 flow in the matrix, it is not possible to take credit for dispersion produced by the great contrasts 
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1 in local velocity between fracture flows and matrix flows, nor is credit taken for macroscopic 
2 dispersion within the matrix via its permeability variations. Instead, the local specific discharges 
3 from a single porosity flow model (using GRASP-INV transmissivity realizations which are 
4 derived using data from both single and double-porosity pump tests) are used with fracture 
5 spacings with ranges derived from Jones et al. (1992). The conservation of specific discharge 
6 models all transport through the fracture system, an overly-conservative assumption. The 
7 velocity field generated from the overall transmissivity data is likely to have less spatial 
8 variability than the velocity field generated from consideration of flow through fractures only. 
9 Gelhar (1993, p. 275) calculates the asymptotic longitudinal fracture macrodispersivity, Afmct with 

10 the relation, 
11 
12 

\l Afract = (4 + 0.205aJ + 0.16aJ + ... )o2fo 
15 
16 
17 
18 where ov and AA are the variance and correlation length of the natural logarithm of the 
19 apertures. Noting that the variance of the log of apertures is related to the variance of the log of 
20 fracture porosity by 
21 
22 

I ""(MW> - MXznbD 
26 SMX!)) 
27 
28 = Var($) 
29 
30 
31 where P is the variability of the natural log of the aperture, we may calculate Var(P) = a B = 0. 
32 
33 using the fracture porosity data from die 1992 PA. Calculating the longitudinal fracture 
34 macrodispersivity from Gelhar's equation gives Afract~ 4.1 Xo. The asymptotic longitudinal 
35 macroscopic dispersivity for the Culebra as simulated in 1992 PA is approximately 
3 6 2 
37 A = oO.s2.25a. 
3 8 2 
39 where oy and X are die variance and correlation scales for the porous medium 
40 transmissivity as derived from pump and tracer tests showing both matrix and double-porosity 
41 nature. Previous analysis of WIPP data indicate a correlation length of about 1600 meters. The 
42 point of this exercise is to show that the macroscopic dispersivity of the present PA model is 
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1 dependent upon a length scale associated with the set of matrix and double-porosity pump tests. 
2 Actual dispersion within a fracture should be dictated by the fracture porosity length scale. This 
3 scale is probably smaller that obtained in pump tests. 
4 
5 
6 3.2.7.2 FRACTURE NETWORK MODEL 
7 
8 The most realistic model for transport in the Culebra is a full fracture model that includes 
9 advective flow in both the matrix and fractures and that incorporates the variability of both the 

10 matrix and fracture transmissivity and the variability of the fracture geometric parameters. The 
11 variability of these parameters would be conducted in the same manner as the realizations of the 
12 transmissivity field are currently carried out; that is, as a set of realizations conditioned on 
13 observed transmissivities from pump tests and heads in wells. Statistical moments associated 
14 with fracture geometric parameters could be estimated from outcrop and from slant-hole cores.. 
15 
16 The fracture network model could be either 3D or quasi-3D in nature. Implementation of 
17 this model would require a considerable amount of effort and risk. An inverse code to properly 
18 generate self-consistent realizations of both the fracture network and matrix transmissivity would 
19 have to be developed. A transport code exists in which a fracture network, each fracture being of 
20 infinite extent, has been simulated under the influence of a constant gradient. All flow in this 
21 model is assumed laminar and takes place only within the fractures. The results of simulations 
22 using this model show a linear increase of dispersivity with distance of flow. No ergodic 
23 behavior (no asymptotic limit) was seen in this study, however, limiting behavior may be 
24 possible at a larger scale. It is clear that the significant lateral dispersion induced by a 
25 stochastically-oriented fracture network will significantly lower concentrations at the WIPP 
26 outflow boundaries. This Fracture Network Model (without matrix diffusion) would probably 
27 also yield somewhat less integrated discharge at WIPP outflow boundaries due to the fact that a 
28 significant portion of the plume is transported in directions not aligned with the mean gradient. 
29 However, due to the fact that the WIPP outflow boundary is approximately equidistant from the 
30 . point of release and that no retardation mechanism exists in this model, we would not expect a 
31 great deal of reduction in the integrated discharge at the site boundary. Compliance is based on 
32 the integrated discharge, not concentration, at the WIPP boundary for disturbed scenarios which 
33 result in a release into the Culebra. The incorporation of mechanisms of retardation, such as 
34 radioactive decay, matrix diffusion, advective flow in the matrix, and dead-end fractures would 
35 lead to a much more significant decrease in release. 
36 
37 The WIPP Project is unaware of any public-domain model that combines a stochastically-
38 oriented fracture network with die above release mechanisms. Furthermore, die proper use of a 
39 Fracture Network Transport code would require significant expenditures and time to identify the 
0 geometric fracture parameters over significant length scales. 

41 
42 
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1 3.3 Culebra Chemical Retardation 
2 
3 . PA calculations and sensitivity analyses (Helton et al., 1991; WIPP PA Department, 
4 1992; Bertram-Howery et al., 1990) have identified the radionuclide retardation factor (relative 
5 transport rate of radionuclides with respect to the ambient fluid flow velocity) in the Culebra as a 
6 key parameter for the WIPP facility compliance with regulations. Radionuclide retardation could 
7 result from both physical and chemical factors. Physical retardation due to matrix diffusion has 
8 been demonstrated through double-porosity models (Reeves et al., 1991). However, no 
9 experimental data for actinides exist on physical retardation due to matrix diffusion under 

10 conditions expected to be present in the WIPP waste. Chemical retardation is caused by various 
11 chemical reactions that may occur between the chemical species in the solution and at the 
12 solid/solution interface. The chemical retardation phenomenon has been observed both in 
13 laboratory and field tests associated with groundwater pollution studies involving organic 
14 pollutants (Mackay et al., 1986) and inorganic pollutants (Weber et al., 1991, and references 
15 therein). This phenomenon also forms the basis for chromatographic methods for chemical 
16 separation (Heftmann, 1961). 
17 
18 
19 3.3.1 Rock-Water Interaction in the Cuiebra 
20 
21 Summary Statement: The conceptual model of chemically retarded transport in the Culebra is 
22 dependent on several flow and transport related parameters, which are affected by the nature of 
23 fluid flow within the Culebra and the distribution of minerals in the Culebra. Evidence available 
24 to date indicates that chemically retarded transport in the Culebra will occur and will attenuate 
25 the cumulative radionuclide release. Some of the numerical models used to simulate retarded 
26 transport may incorrectly predict the cumulative releases, however, due to incorrect assumptions 
27 about the distribution of minerals and the nature of fluid flow within the Culebra. Currently, the 
28 potentially large amount of sorption on the proposed "clay mineral linings" on fracture surfaces is 
29 not included in performance assessment models. The baseline conceptual model for chemically 
30 retarded transport is advective flow through high-angle fracture sets that do not have a 
31 concentration of clay minerals adjacent to them (and are not clay "lined"), coupled with diffusive 
32 transport of solutes into a matrix with a mineralogy equivalent to the bulk mineralogy of the 
33 Culebra (i.e., about 95 wt. % dolomite and 5 wt. % clay minerals). 
34 
35 Discussion: In constructing a conceptual model for chemical and physical retardation of actinide 
36 elements in the Culebra, two critical factors must be considered: (1) the nature of the substrates 
37 that are present in the flow path; and (2) the amount of surface area available for mineral-solute 
38 interaction. In implementing the conceptual model using experimentally determined parameters 
39 with a numerical code, consideration must be given to geometric scaling issues and chemical 
40 equilibrium (e.g., adsorption kinetics). Obviously, numerical codes to evaluate solute transport 
41 must adequately represent the system and produce accurate predictions. But because of the 
42 potentially very large number of variables that would be required in an exact solution of the 
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1 conceptual model, simplifying assumptions based on experimental results and observations must 
2 be made. 
3 
4 Foremost in developing a conceptual model for chemically retarded transport is 
5 consideration of the rock fabric and the nature of the fluid flow through that rock fabric. An 
6 accurate and concise description of geologic aspects of the Culebra that are pertinent to chemical 
7 and physical retardation can be found in the 1992 WIPP preliminary performance assessment 
8 documentation (WIPP PA Department, 1992, Volume 2, p. 2-16 through 2-23, and references 
9 cited therein) and in other parts of this position paper. Some specific points warrant discussion 

10 here. 
11 
12 The two major minerals that are considered to be important for adsorption in the Culebra 
13 are dolomite, which is a potentially important adsorbent because of the vast amount present in 
14 the Culebra, and clay minerals, which are not nearly as abundant as dolomite, but are typically 
15 quite powerful adsorbents. Most of the clay minerals in the Culebra are detrital in origin, 
16 deposited along bedding planes while the evaporite minerals, such as dolomite, were forming. 
17 The clay minerals are concentrated in discontinuous lenses or are present as anastomosing 
18 networks, but are generally concentrated along sub-horizontal planes. The mineralogy of some 
19 of the clay minerals (e.g., what is now present as corrensite) were diagenetically altered, but their 
20 spatial distribution did not change since deposition. Bioturbation apparently was not substantial 
21 enough to homogenize the distribution of minerals as is observed in some carbonate rock types. 
22 In many carbonate rocks, pressure-solution produces stylolites, which usually appear as jagged 
23 surfaces where insoluble residue is concentrated. Stylolites are not observed in the Culebra. 
24 Petrograpbic and visual observation of the Culebra demonstrates that the distribution of clay 
25 minerals has not changed appreciably since deposition. Further, authigenic clay minerals are not 
26 present in appreciable quantities: the clay minerals are detrital, and were present before 
27 fracturing. Because clay minerals are so important to chemically retarded transport, substantial 
28 effort has been made on evaluating them. 

29 Fractures in the Culebra can be divided into two categories based on their orientation. 
30 One category are those caused by parting along the sub-horizontally oriented planes of relative 
31 weakness in the rock resulting from the concentrations of clay minerals at bedding planes. Sub-
32 horizontal fractures, therefore, have a relatively greater concentration of clay minerals adjacent to 
33 them. There is typically not a discrete clay mineral layer (i.e., "clay lining") that uniformly coats 
34 the surfaces of the fractures, and conceptual models involving discrete clay mineral "linings" 
35 cannot currently be supported. 

36 Concentrations of clay minerals adjacent to sub-horizontal fracture surfaces can be 
37 supported, however. Unfortunately, the incomplete core coverage coupled with the mineralogic 
38 heterogeneity of the Culebra makes it difficult to defend the concept of advective fluid flow 
39 solely through sub-horizontal fractures with concentrations of clay minerals adjacent to them. 
40 Further, documenting the concentrations and lateral distributions of clay minerals adjacent to 
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1 fractures, as well as physico-chemical parameters necessary to calculate transport (e.g., porosity, 
2 diffusion constants, thickness), would be a difficult task. 

3 The second set of fractures observed in the Culebra are high-angle fractures (greater than 
4 45 degrees from horizontal) and are not distinctly controlled by distribution of clay or other 
5 minerals. Detailed examination of core samples of the Culebra has shown that many of the high-
6 angle fractures are filled to various extents with gypsum. Beauheim and Holt (1990, Figure 2-
7 13) demonstrated that the percentage of high-angle fractures that are filled with gypsum crystals 
8 increases eastward across the site. The presence of post-depositional gypsum fill indicates that 
9 groundwater has flowed through those high-angle fracture sets in the past, but the age of these 

10 fillings is not known. 

11 Lines of evidence that have been used to deduce which fracture set is currently the active 
12 flow path include visual observations in the air intake and waste handling shafts, examination of 
13 post-depositional gypsum fill, and examination of a rust-colored coating (possibly iron 
14 oxyhydroxide) on fracture surfaces. Those observations support fluid flow in both the sub-
15 horizontal fractures as well as the high-angle fractures (refer to 3.2.5), and it is not clear which 
16 fracture set is currently the preferred groundwater flow path. It is not likely that the fluid flow 
17 path can be elucidated without substantial work. It may also be difficult to defend flow through a 
18 particular fracture set across the entire WIPP site, because of the heterogeneity in Culebra rock 
19 fabric. 

20 Results of field tracer tests conducted within the WIPP land-withdrawal boundary suggest 
21 that, on at least local scales (approximately 1 to 100 m), fluid flow in the Culebra is controlled by 
22 the double-porosity nature of the rock, in that groundwater flows through fracture porosity by 
23 advection and dissolved solutes move into the intercrystalline pores in the matrix by aqueous 
24 diffusion (refer to 3.2.5). Transport in this region may occur, however, by matrix advection or 
25 matrix advection coupled with fracture advection. An investigation of matrix advection has been 
26 proposed as an activity for evaluation by the SPM process. For purposes of evaluating the 
27 conceptual model of rock-water interaction in the Culebra, a critical issue is the mineral surface 
28 area available for retardation; whether a solute is transported to a mineral surface in the rock 
29 matrix by diffusion or advection is of secondary importance. Regardless of the mechanism of 
30 transport, movement of solutes through the matrix will increase chemical retardation. However, 
31 in the absence of the matrix diffusion component, significant levels of chemical retardation may 
32 occur on minerals in close proximity to fracture surfaces. This may be particularly true if 
33 advective fluid flow is primarily through the sub-horizontal fractures, which have a greater 
34 concentration of clay minerals adjacent to them. 

35 On the basis of the properties of the Culebra described above, thirteen alternative 
36 conceptual models for flow and transport are possible (Table 3-1). The thirteen cases are 
37 constructs that result from possible combinations of advective and diffusive flow, matrix or 
38 fracture transport, flow through high-angle or sub-horizontal fractures, and differences in 
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1 distributions of clay minerals within the rock. It is recognized that many of the conceptual 
2 models are not very probable, and may be eliminated from serious consideration for reasons 
3 described. Implicit in this discussion is an assumption that K^ values suitable for use in a 
4 compliance application will be available. 

5 The link between the nature of fluid flow in the Culebra and chemical retardation is a 
6 fundamental part of constructing a conceptual model for retarded transport. In other words, 
7 chemical retardation is conditional on the mechanism(s) of fluid transport. Conceptual models 
8 numbers 1-6 in Table 3.3-1 represent cases in which fracture advection-matrix diffusion is the 
9 operative solute transport mechanism, and is by far the most likely mechanism according to 

10 results to date. Conceptual models numbers 7-12 represent cases in which no matrix diffusion 
11 occurs and that flow occurs solely by fracture advection. Conceptual model number 13, included 
12 for completeness, is a case in which the dominant flow mechanism is by matrix advection. This 
13 case will not be considered further for the baseline used in the current iteration of the SPM, 
14 because it is not consistent with currently supported conceptual models. 

15 For each of the two main groups of conceptual models (1-6 and 7-12), the fracture 
16 advection component of fluid flow may be dominated by flow through sub-horizontal fractures, 
17 high-angle fractures, or both. The conceptual models within those two groups reflect the 
18 possible alternatives. Conceptual models numbers 1 and 7 represent the "fall-back" positions for 
19 cases involving fracture advection-matrix diffusion and fracture advection, respectively, in which 
20 no retardation occurs (i.e., K ŝ are defined as 0). Available information on actinide sorption in 
21 die Culebra demonstrate that sorption will occur, but those early scoping data do not provide 
22 sufficient quantification of KjS (refer to 3.2.4). 

23 Because we do not know whether the dominant advective flow path in the Culebra is 
24 through high-angle or sub-horizontal fractures, and because we do not know the connectivity of 
25 those fracture sets, the current baseline assumption is that advective flow occurs through the 
26 high-angle fracture set only, which do not have detrital clay minerals in close proximity to them 
27 (conceptual model number 2). To simulate retardation for this conceptual model, a weighted 
28 distribution coefficient is used in SP calculations, calculated from the expert panel estimates of 
29 KjS. The apparent bulk rock K,j for each acunide is estimated by combining a 95% weighting of 
30 the matrix (i.e., dolomite) KjS with a 5% weighting of the clay mineral K,,s. The five weight % 
31 clay mineral figure was estimated based on the bulk concentration of clay in the Culebra as 
32 described in work by Sewards (1991) and Powers and Holt (1990). For this conceptual model, 
33 concentrations of clay minerals adjacent to fractures are not recognized. 
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Table 3.3-1. Alternative Conceptual Models for Rock-Water Interaction in the Culebra Dolomite Member of the Rustler Formation. 

conceptual model 
number 

(arbitrary) 

localized solute 
transport 

potential solute/rock interactions closest 1992 P.A. 
sensitivity analysis 
section 

estimated Q 
chemical H 

conceptual model 
number 

(arbitrary) mechanism surfaces exposed mineral distribution* distribution coefdcient(s) 

closest 1992 P.A. 
sensitivity analysis 
section retardation fl 

potential I 

1 fracture advection; matrix 
diffusion 

fractures + matrix not important (Kd = 0) Kd = 0 (no retardation) none 

2»* fracture advection; matrix 
diffusion 

high-angle fractures + 
matrix 

homogenous weighted clay + dolomite Kd moderate to high 

3 fracture advection; matrix 
diffusion 

sub-horizontal fractures 
+ matrix 

concentrations of clay-
minerals in matrix adjacent to 
fractures 

clay Kd; dolomite Kd see text high to 
very high 

4 fracture advection; matrix 
diffusion 

sub-horizontal fractures 
+ matrix 

clay-mineral "lined" fractures clay Kd; dolomite Kd section 8.4.4; 
Figures 8.4-12 to 
8.4-13 

very high 

5 fracture advection; matrix 
diffusion 

high-angle fractures + 
matrix 

concentrations of clay-
minerals in matrix adjacent to 
fractures 

weighted clay + dolomite Kd high 

6 fracture advection; matrix 
diffusion 

sub-horizontal + high-
angle fractures + matrix 

concentrations of clay-
minerals in matrix adjacent to 
fractures 

alternate between (weighted clay + 
dolomite Kd] and 
[clay Kd; dolomite Kd] 

section 8.4.3; 
Figures 8.4-7 to 84-
11 

high 

7 fracture advection; no 
matrix diffusion 

fractures not important (Kd = 0) Kd = 0 (no retardation) none 

8 fracture advection; no 
matrix diffusion 

high-angle fractures homogenous weighted clay + dolomite Kd low 

9 fracture advection; no 
matrix diffusion 

sub-horizontal fractures concentrations of clay-
minerals in matrix adjacent to 
fractures 

clay Kd see text low to 
moderate 

10 fracture advection; no 
matrix diffusion 

sub-horizontal fractures clay-mineral "lined" fractures clay Kd section 8.4.2; 
Figures 8.4-2 to 8.4-
6 

moderate 

II fracture advection; no 
matrix diffusion 

high-angle fractures homogenous weighted clay + dolomite Kd low 

12 fracture advection; no 
matrix diffusion 

sub-horizontal + high-
angle fractures 

homogenous alternate between [weighted clay + 
dolomite Kd] and 
[clay Kd; dolomite Kd] 

low 

13 matrix advection matrix homogenous weighted clay + dolomite Kd extremely high 

the possibility of Fe-oxyhydroxide coalings on fracture surfaces has not been considered in these scenarios 
baseline conceptual model, with K„ = 0 
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1 3.3.2 Adsorption 

2 Summary Statement: The 1992 preliminary performance assessment assumed that adsorption 
3 of solutes on solid phases obeys a linear isotherm with local chemical equilibrium between solute 
4 and solid phases. Conclusive data in support of these assumptions are not currently available. 
5 The impact of these assumptions on radionuclide release cannot be estimated at this time due to 
6 the lack of relevant information. Therefore, a bounding position at this time with regard to 
7 adsorption is to take no credit for adsorption. 

8 In addition, the 1992 performance assessment assumed that K,, values based on batch 
9 experiments are applicable to advective and/or diffusive transport and they are not sensitive to 

10 model cell size chosen in the numerical implementation of the transport model. 

11 Discussion: Currently, chemical retardation factors (R) in PA analyses are calculated using the 

12 following equation (Freeze and Cherry, 1979): 

13 R = l + pbK<(l-(l))/<j> (1) 

14 where K, is the distribution coefficient for each radionuclide and 4> and p„ are the porosity and 
15 bulk density of the rock, respectively. This equation can be derived from the advection-
16 dispersion equation assuming local equilibrium for adsorption and a linear relationship between 
17 the amount of a solute adsorbed on the unit amount of the solid, S, and the concentration of the 
18 solute, C. 
19 S = K,C (2) 

20 This is the linear isotherm model called the K,-modeI. However, omer forms of 
21 isotherms are quite common (Fetter, 1993). These other forms of isotherms show saturation 
22 effects at higher solute concentrations, i.e., isotherms level off at higher concentrations. In some 
23 cases, as the solute concentration is further increased, adsorption increases rapidly due to 
24 additional processes such as surface precipitation (as monolayers on surfaces) coming into play, 
25 and the isotherm takes on the S-shape. Note that currently the linear isotherms for some of the 
26 actinides are based on single measurement (Dosch, 1980,1981; Dosch and Lynch, 1978; Lynch 
27 and Dosch, 1980; Nowak, 1980; Serne et al., 1977; Tien et al., 1983). These single-point 
28 isotherms are obviously not absolutely correct because one could connect the zero-point and die 
29 measured non-zero point of an isotherm using an infinite number of possible curves, including a 
30 straight line (i.e., the linear isotherm). Not knowing what the actual isotherms for various 
31 actinides look like, it is difficult to assess if the PA calculations based on linear isotherms are 
32 conservative. 

33 Another assumption made by PA is that local chemical equilibrium always exists between 

12/14/94 Draft 3-52 



Non-Salado Position Paper 

1 solutes and solid phases. However, chemical nonequilibrium is quite common for many organic 
2 solutes (see Brusseau et al., 1989 and references therein), and some of the actinides may also 
3 exhibit nonequilibrium. Since the equilibration times for relevant actinides are not known, it is 
4 not possible to assess the impact of the assumption of local chemical equilibrium on radionuclide 
5 release. 

6 Because the assumptions of isotherm linearity and local chemical equilibrium are not 
7 fully supported and the impact of these assumptions on radionuclide release cannot be estimated 
8 at this time due to the lack of relevant information, the bounding position at this time with regard 
9 to adsorption is to take no credit for adsorption, i.e., K,, is assumed to be zero. It should be noted 

10 that this is an overly conservative position because Dosch and other workers (see references cited 
11 earlier) have clearly established that the Culebra rock significantly adsorbs various actinides, 
12 although actual KjS are not quantifiable at this time. 

13 When additional measured-retardation factors and/or K,j values are available, will they be 
14 valid for any conceptual model and are they sensitive to the scale of the experiments? The K,, 
15 values are applicable to advective and/or diffusive flow because K„ is inherently a property of a 
16 solution-solid interface for an adsorbate-adsorbent pair and, therefore, does not depend on the 
17 conceptual model being employed for chemical transport. Adsorption of an actinide, and 
18 consequently its chemical retardation, is not affected by whether the brine flow is advective, 
19 diffusive, or both, but rather by what minerals the actinides encounter during their transport. 
20 Similarly, in a homogeneous medium, K,, is a function of the chemical composition of the 
21 medium, but not the size of the medium (e.g., core sample size). This is implicit in the definition 
22 of Kj based on Eq. (2); the scale independence of K,, is valid even when the adsorption isotherm 
23 is nonlinear. The same conclusions are applicable to the distribution coefficient Ka on a per-
24 unit-surface-area basis because Ka is defined in the same way as K,, (Freeze and Cherry, 1979) in 
25 the case of chemical transport through fractures. Therefore, K,j values for a given actinide based 
26 on laboratory mechanistic adsorption experiments (core size: 20 -100 micrometer), or laboratory 
27 column experiments (core size: up to 100 cm), or field tracer tests (sample size in tens of meters) 
28 should be approximately the same if the physical-chemical conditions are comparable and can be 
29 used for any model cell size. K,j values obtained from these different experiments may vary to 
30 some degree from sample to sample and their size. Since K,, is expected to be scale-independent, 
31 as explained above, these variations could be due to several factors: 

32 1) The Culebra is highly heterogeneous at both micro and macro scales. One approach to 
33 incorporate these variabilities is through a cumulative distribution function (CDF) for K,, as in 
34 the 12/92 PA. 

35 2) Chemical equilibration time for some or all reactions is comparable or greater than liquid 
36 transit time through a model cell. In these cases, chemicals move from one location to the next 
37 before local chemical equilibrium is established, as implied in Eqs. (1) and (2). 
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1 3) Kj variations observed in different samples could be due to different processes (adsorption, 
2 ion exchange, and/or precipitation) being responsible for sorption in different samples. 

3 3.3.3 Colloid-Facilitated Radionuclide Transport 

4 Summary Statement: The presence of actinide-bearing colloidal particles in the WIPP system 
5 have the potential to accelerate or retard the transport of actinides relative to transport of 
6 dissolved species. For long-term performance assessment calculations conducted to date, the 
7 impact of colloidal particles on actinide transport were not quantified. Because there is a 
8 possibility that colloidal particles can increase transport rates relative to dissolved species, not 
9 including colloids in transport calculations for assessment is not necessarily conservative. For 

10 example, some colloidal particles are sufficiently large to be excluded from participating in 
11 matrix diffusion. Actinides sorbed on the surfaces of those colloidal particles will not be 
12 physically retarded, and actinide transport by colloids therefore must be considered. Results 
13 from a recently initiated experimental program have reduced the potential impact of colloid 
14 particles on actinide transport. Specifically, "hard-sphere" carrier colloids are not mobile, 
15 regardless of whether they have sorbed radionuclides on their surfaces, and so are eliminated 
16 from participation in actinide transport. Actinide intrinsic colloids and "soft-sphere" carrier 
17 colloids (e.g., humic materials) may be mobile, but are sufficiently small to undergo matrix 
18 diffusion in the Culebra and so will be physically retarded. Actinides that are bioaccumulated by 
19 or sorbed on microbes, however, will be transported primarily by fracture advection because the 
20 relatively large sizes of microbes precludes them from entering the intercrystalline pores of the 
21 Culebra matrix. 

22 Discussion: Quantification of actinide transport by colloidal particles requires coupling of 
23 various aspects of hydrogeology, geochemistry, and colloid chemistry (see, e.g., McDowell-
24 Boyer et al., 1986; Hwang et al., 1991; Nuttall et al., 1991; Bennett et al., 1993; van der Lee et 
25 al., 1993). Those aspects may be grouped into the following categories: (1) the physico-
26 chemical behavior of colloidal particles in the dispersent, including the formation of the particles 
27 and their kinetic and chemical stabilities; (2) interaction of the colloidal particles with actinides; 
28 and (3) the hydrologic behavior of colloidal particles in the subsurface environment. The 
29 potential importance of colloid-facilitated radionuclide transport has only been recognized for 
30 about a decade (see, e.g., Avogadro and de Marsily, 1983) and rigorous transport models and 
31 computer codes suitable for long-term performance assessment of the WIPP Site are not yet 
32 available. However, by focusing on concepts included in the three categories above with specific 
33 consideration to the WIPP environment, quantifying the impact of colloidal particles on actinide 
34 transport has been simplified to the point where it is a tractable problem. 

35 The following text includes a brief review of different types of actinide-bearing colloids 
36 and their behavior in WIPP environments. 
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1 
2 3.3.3.1 PHYSICO-CHEMICAL BEHAVIORS OF COLLOIDAL PARTICLES 

3 Carrier colloids, which are ordinarily non-radioactive, are colloidal-sized particles which 
4 may act as substrates for sorption of actinides as well as other metals (carrier colloids with 
5 sorbed actinides are referred to in the published literature as pseudocolloids, Type II colloids, and 
6 Fremdkolloide) (Lieser et al., 1986a, 1986b, 1990; Buddemeier and Hunt, 1988; Kim, 1991). 
7 The carrier colloid category is further subdivided on the basis of known physico-chemical 
8 behaviors of those colloidal particles. 

9 "Hard-sphere" carrier colloids, traditionally referred to as hydrophobic colloids in colloid 
10 chemistry, have discrete well-defined particle-fluid boundaries and are stabilized in very low 
11 ionic strength solutions by electrostatic effects caused by the electric double surrounding the 
12 particles (Heimenz, 1986). At high ionic strengths (which are actually quite low relative to 
13 brines associated with the WIPP), however, the electric double layer surrounding the "hard-
14 sphere" colloids collapses, and virtually eliminates electrostatic repulsion between particles 
15 (Gregory, 1978; van Olphen, 1991, p. 24; see also Derjaguin and Landau, 1941; Verwey and 
16 Overbeek, 1948; Matijevic, 1973). Forces of attraction between the particles (i.e., van der Waals 
17 forces) causes agglomeration of particles to form clusters large enough to settle by gravity. This 
18 phenomenon has been known empirically for well over a century (see, e.g., Hardy, 1900) and was 
19 meoretically explained in the middle of diis century (Derjaguin and Landau, 1941; Verwey and 
20 Overbeek, 1948). 

21 The WIPP Site is unique among proposed nuclear waste repositories in that groundwaters 
22 in both the near-field (i.e., the disposal room) and the far-field (i.e., the Culebra) environments 
23 consist of high ionic strength brines (refer to Brush, 1990; Siegel et al., 1991b). Experiments at 
24 Sandia National Laboratories (SNL) have confirmed that dispersions of "hard-sphere" carrier 
25 colloids are not kinetically stable in Culebra brine simulants (hydrogeochemical facies "A" and 
26 "C;" Siegel et al., 1991b), Salado Formation-like brine simulants (Brine A; Molecke, 1983; 
27 Brush, 1990), and Castile Formation brine simulants (ERDA-6; Brush, 1990). Therefore, "hard-
28 sphere" carrier colloids have been eliminated from further consideration in quantifying transport 
29 of actinides. This group of colloids includes many of the colloidal particles identified at other 
30 sites (see McCarthy and Degueldre, 1993, their Table 6). Colloidal particles that can be 
31 eliminated from consideration in transport of actinides at the WIPP Site include iron(III)-
32 (hydr)oxides, clay minerals, and mineral constituents of the host rock. Further, colloidal particles 
33 produced from drilling (i.e., cuttings) and mineral precipitates formed from brine mixing will not 
34 be kinetically stable. 

35 Sterically stabilized "hard-sphere" carrier colloids are coated with compounds capable of 
36 modifying the colloids' surface behavior so that electrostatic attraction and repulsion forces are 
37 overcome, rendering them kinetically stable. An example of this colloid type are colloidal 
38 particles stabilized by organic compounds in sea water (Honeyman, 1991; Honeyman and 
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1 Santschi, 1992). Microbes are probably best placed in this category, although their cell walls are 
2 not rigid. At the WIPP Site, concentrations of naturally occurring microbes are on the order of 
3 109 to 1010 cells per liter (Francis and Gillow, 1994, their Table 1). In the presence of nutrients 
4 provided by WIPP waste constituents, those concentrations are likely to increase. Microbes are 
5 important for actinide transport because they may act as substrates for sorption of actinides, but 
6 also may bio accumulate actinides. In addition to microbes, it is well known from industrial 
7 research that colloidal dispersions can be sterically stabilized in electrolytes by the addition of 
8 some types of polymers (see, e.g., Theng, 1976; Sato, 1980). It is unlikely, however, that 
9 potential steric compounds such as alcohols and carboxylic acids produced as by-products of 

10 microbial degradation of WIPP waste, could be present in large enough concentrations to have an 
11 impact on stability of "hard-sphere" carrier colloids in the extremely high ionic strength brines 
12 associated with the WIPP. Until results from the ongoing colloid experimental program are 
13 available, sterically stabilized "hard-sphere" carrier colloids (i.e., microbes) should be included in 
14 transport calculations. 

15 "Soft-sphere" carrier colloids are flexible particles with rather indistinct particle-fluid 
16 boundaries, and are essentially dissolved macromolecules. They are not affected by ionic 
17 strength in the same way as "hard-sphere" carrier colloids. "Soft-sphere" carrier colloids are 
18 closest in form and behavior to particles referred to as hydrophilic colloids in the traditional 
19 colloid chemistry literature (Lyklema, 1978; Heimenz, 1986); examples include humic and fulvic 
20 acids (Choppin, 1988; Tiller and O'Melia, 1993). Because this type of colloid is not destabilized 
21 by high ionic strengths, "soft-sphere" carrier colloids may be important in transport of actinides 
22 at the WIPP. Humic and fulvic materials (high-molecular weight organic macromolecules) are of 
23 particular concern because of their well-known capability of complexing with metal cations, 
24 including actinides (Choppin, 1988, Dearlove et al., 1990; Vlassopoulos et al., 1990; Tipping, 
25 1993; van der Lee et al., 1993). The concentrations of humic materials in deep subsurface 
26 groundwaters is typically quite small, because of the long periods of time available for oxidation 
27 of those materials. Existing information on total organic carbon (TOC) concentrations in 
28 Culebra groundwaters, for example, shows that TOC is on the order of 1 mg/L (Myers et al., 
29 1991) which is quite low. An additional potential source of humic materials is from soil 
30 constituents of WIPP waste (U.S. Department of Energy, 1994b, Table 4-1, Waste Matrix Code 
31 Group 4200), or perhaps from long-term microbial degradation of cellulosic constituents in the 
32 waste. Experiments are in progress at SNL to investigate this type of colloid. 

33 Actinide intrinsic colloids (also known as true colloids, Type I colloids, and 
34 Eigenkolloide) are thought to form by condensation reactions of hydrolyzed actinide ions (Maiti 
35 et al., 1989), to form macromolecules, or "polymers," of colloidal size. It is believed that the 
36 actinide ions are bridged by hydroxyl groups or oxygen ions (Kim, 1991). Following the 
37 oxidation state analogy described earlier in this paper, the tendency of actinides to hydrolyze and 
38 to form intrinsic colloids follows the order: M4* > M(VI)C^> M3* > M(VI)dT(Choppin, 1983; 
39 Kim, 1991). The tendency for formation of one particular actinide intrinsic colloid, the Pu(IV)-
40 polymer, is enhanced by increased concentrations of Pu(IV), temperature, and basic conditions 
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1 (Toth et al., 1981). Examples can be found the literature of polymeric species of most of the 
2 actinides of importance to WIPP (see e.g., Baes and Mesmer, 1976; Kim, 1991). It is important, 
3 however, to note the sizes of polymers described in the literature. It is well known mat as 
4 polyvalent metals, the actinides can form lower polymers such as dimers, trimers, tetramers, and 
5 hexamers. However, in terms of physical transport behavior, the lower polymers will behave no 
6 differently than dissolved monomelic species. In contrast, the higher polymers, such as the 
7 Pu(IV)-polymer, may reach colloidal sizes (1 nm to 1 urn) and will have different hydrodynamic 
8 properties than the sub-colloidal-sized dissolved species. 

9 The most well-known and well-studied actinide intrinsic colloid is the Pu(IV)-polymer. 
10 Most of the knowledge about the Pu(IV)-polymer comes from research at relatively high Pu 
11 concentrations in highly acidic solutions (e.g., Kraus, 1956; Costanzo et al., 1973; Bell et al., 
12 1973a, b; Lloyd and Haire, 1978; Toth et al., 1981), which was conducted to help improve 
13 processing techniques. Investigations focusing on chemical conditions relevant to environmental 
14 concerns have been conducted more recendy (Cleveland, 1979; Rai, 1981; Kim, 1991; Nitsche et 
15 al., 1992). A conclusive demonstration of the mechanisms of formation of the Pu(IV)-polymer 
16 has not yet been made, but there is a preponderance of evidence that shows that polymerization is 
17 strongly linked to hydrolysis (see e.g., Kim, 1991), and that the initial polymerization produces 
18 an amorphous macromolecule mat becomes crystalline widi time (see Cleveland, 1979, and 
19 references therein). Lloyd and Haire (1978) showed mat the aged polymer actually consists of 
20 nanometer-sized mineral crystallites. Rundberg et al. (1988) and Triayetal. (1991) used 
21 different analytical methods to confirm the particulate nature of the Pu(IV)-polymer, and also 
22 estimated that the size was on the order of nanometers. In terms of implications for transport at 
23 the WIPP, if the Pu(IV)-polymer is indeed a crystalline colloidal particle, ratfier than a "soft-
24 sphere"-like (hydrophilic) colloid, it would behave like a "hard-sphere" (hydrophobic) colloid. 
25 As such, it would be destabilized by high ionic strength solutions, such as WIPP brines. Critics 
26 may point out that they are familiar with Pu(IV)-polymer solutions that have remained stable for 
27 years. That observation is not necessarily inconsistent widi the notion mat the Pu(IV)-polymer is 
28 a "hard-sphere" type colloid. For example, Overbeek (1982) reported that some of the gold sols 
29 (dispersions of 3 nm diameter metallic gold, a "hard-sphere" type colloid) used in historically 
30 important experiments by Michael Faraday in the mid-1800's were still in existence at me time of 
31 Overbeek's publication. Experiments are in progress to evaluate the formation and behavior of 
32 actinide intrinsic colloids, including the Pu(rV)-polymer, at Lawrence Livermore National 
33 Laboratory (LLNL). Until such results are available, however, actinide intrinsic colloids should 
34 be considered to be dissolved macromolecules which are not destabilized by high ionic strength 
35 WIPP brines. 

36 In summary, "hard-sphere" carrier colloids can be eliminated from further consideration 
37 because of the destabilizing effects of the high ionic strength brines associated with the WIPP. 
38 The remaining subtypes, sterically stabilized "hard-sphere" carrier colloids (microbes), "soft-
39 sphere" (humic materials) carrier colloids, and actinide intrinsic colloids cannot be eliminated. 
40 The remaining portion of this discussion focuses on the sources and transport behaviors of those 
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1 colloids. 

2 3.3.3.2 SOURCES OF COLLOIDAL PARTICLES 

3 In an intrusion scenario, there are two potential sources of actinide-bearing colloids: the 
4 disposal room environment (which also includes colloids introduced to the disposal room from 
5 Castile Fm. groundwaters), and colloids formed in situ within the Culebra In an undisturbed 
6 situation, the types of colloids that could be present in Culebra and Cast rm. brines are "hard-
7 sphere" carrier colloids, microbes, and "soft-sphere" carrier colloids (huimc materials). As 
8 described above, the high ionic strengths of the brines will destabilize the "hard-sphere" carrier 
9 colloids; actinides may sorb onto those colloids, but they will be immobilized. Because of the 

10 presence of soils in WBPP waste (U.S. Department of Energy, 1994b, Table 4-1, Waste Matrix 
11 Code Group 4200), the concentration of humic materials in disposal room brines is likely to 
12 exceed the concentration of humic materials in Castile Fm. or Culebra brines. Likewise, because 
13 of the nutrients provided by organic components of the waste, the concentrations of microbes in 
14 the disposal room environment will exceed the concentration of microbes in Castile Fm. or 
15 Culebra brines. Actinide intrinsic colloids are more likely to form in environments of greater 
16 actinide concentrations such as the disposal room environment, rather than the Culebra. The 
17 source of colloidal particles that may participate in transport of actinides is clearly dominated by 
18 those introduced from the disposal room environment. It follows that investigation of colloid-
19 facilitated actinide transport in the Culebra has close ties to the characterization and 
20 quantification of mobile colloidal actinides for the Actinide Source Term Program (refer to the 
21 Source Term position paper for details). 

22 3.3.3.3 TRANSPORT BEHAVIORS 

23 Because the sizes of colloidal particles are significantly greater uian the sizes of dissolved 
24 species, colloidal particles behave differently in terms of transport. In quantifying colloid-
25 facilitated actinide transport in the Culebra, the primary distinction in colloid subtypes is whether 
26 the sizes of colloidal particles are larger or smaller than the mean pore throat diameters (0.63 um; 
27 Kelley and Saulnier, 1990, p. 4-10) of the intercrystalline pores in the Culebra matrix. Colloidal 
28 particles that are smaller than the pore throats will be transported into the rock matrix by physical 
29 diffusion, and, therefore, transport will be retarded physically. In contrast, colloidal particles that 
30 are larger than pore throats will be excluded from the matrix and will be transported by advection 
31 and diffusion in fractures (see, e.g., Vilks, 1994). The subtypes of colloidal particles included in 
32 the current baseline fall into two categories in terms of hydraulic properties: (1) actinide intrinsic 
33 colloids and "soft-sphere" carrier colloids (humic materials) behave as dissolved macromolecules 
34 that are small enough to enter the pore throats in the Culebra, but are sufficiently larger than 
35 other dissolved species to have reduced physical diffusion rates; and (2) microbes, which are 
36 larger than the mean pore throat diameter in the Culebra, and will not undergo matrix diffusion. 
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1 Conservative estimates of the effective diffusion constants for the macromolecular-type colloidal 
2 particles have been made on the basis of their sizes (the free water diffusion constant for a solute 
3 in a liquid is inversely proportional to the radius of the diffusing particle; see Bird et al., 1960; 
4 Heimenz, 1986, p. 81). 

5 The WIPP Project recognizes that there are other phenomena, such as surface (physical) 
6 filtration, chemical filtration by sorption of colloids themselves onto fixed substrates, and 
7 equilibrium sorption and desorption of actinides on surfaces of carrier colloids, that will affect 
8 the transport of actinides by colloidal particles (see Bennett et al., 1993). Rigorous quantification 
9 of the effects of those phenomena, however, is not tractable at the current time for long-term 

10 performance assessment calculations for a system as complex as the WIPP. Disregarding those 
11 phenomena, however, will not result in greater releases. Furthermore, those phenomena which 
12 are being disregarded are expected to be of secondary importance on reducing releases compared 
13 to other phenomena, such as the kinetic and chemical stability behavior of colloids in WIPP 
14 brines. 
15 

16 3.3.4 Actinide Coprecipitation From Brine Mixing 

17 Summary Statement: In an intrusion scenario, mixing of disposal room brines with Culebra 
18 brines are likely to result in a non-equilibrium condition resulting in precipitation of actinide-
19 bearing minerals (coprecipitation) or in dissolution of Culebra minerals. The 1992 preliminary 
20 performance assessment did not evaluate effects due to brine mixing. Coprecipitation will 
21 decrease radionuclide release and reduce transmissivity in proximity of the borehole, whereas 
22 rock dissolution will increase transmissivity by opening clogged fractures or widening existing 
23 fractures. Coprecipitation may result in the formation of relatively large crystals in the rock 
24 matrix, or it may result in the formation of "hard-sphere" type colloids (see Section 3.3.3). In the 
25 latter case, those colloidal particles will be destabilized by the high ionic strengths of the Culebra 
26 brines, rendering them and any coprecipitated actinides immobile. Adequate experimental 
27 results or models are not currently available to quantify a reduction in actinide transport by 
28 coprecipitation. However, it is reasonable to assume that disregarding the effects of 
29 coprecipitation or dissolution is a conservative assumption. 

30 Discussion: In most natural environments, mixing of groundwaters in equilibrium with different 
31 subsurface environments produces non-equilibrium conditions resulting in precipitation of solids 
32 or dissolution of minerals in the host rock. 
33 
34 Scoping calculations using chemical equilibrium modeling have demonstrated that at the 
35 WIPP site, mixing of disposal room brines (which may be dominated by Castile or Salado brines) 
36 with Culebra brines may result in precipitation of sulfate or carbonate minerals. On the basis of 
37 published literature, actinide elements are often readily incorporated into the crystal lattices of 
38 carbonate minerals (see e.g., the review by Stout and Carroll, 1992). Precipitation of actinide-
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1 bearing minerals or immobile colloidal particles is an appealing prospect in terms of performance 
2 of the WIPP, because this retardation mechanism is not reversible like adsorption. Once the 
3 mineral forms, it is not likely to dissolve unless new non-equilibrium conditions are introduced. 
4 In addition to providing a potentially immobile sink for actinides, precipitation of minerals due to 
5 brine mixing may also reduce the transmissivity of the Culebra in proximity of the intrusion 
6 borehole. 

7 Alternatively, brine mixing could result in dissolution of the host rock until equilibrium is 
8 reached. If the pH of the disposal room brine is outside the stability range of dolomite (about 
9 pH6 to pH9), dissolution of dolomite in the Culebra is likely to occur. However, equilibrium 

10 would be reached in a very short time because of the reactivity of dolomite. Any dissolution 
11 required for the brine to reach a new equilibrium would, therefore, occur near the borehole, and 
12 increases in transmissivity due to dissolution would be localized. Because of the relatively high 
13 ionic strengths of possible disposal room brines, dissolution of the host rock may also occur due 
14 to ionic strength effects (see, e.g., Freeze and Cherry, 1979, p. 107-108). However, that effect is 
15 expected to be secondary compared to dissolution due to exceeding the pH stability range of 
16 dolomite. 

17 In summary, mixing of disposal room brines with Culebra brines are likely to produce a 
18 non-equilibrium condition. Localized dissolution of the host rock may occur to neutralize the pH 
19 of the brine mixture, but because of the rapid dissolution kinetics of dolomite, dissolution is 
20 expected to be limited to the proximity of the intrusion borehole. If precipitation occurs, 
21 actinides are likely to be included in mineral precipitates, and will be immobile, regardless of 
22 whether they are colloidal particles or relatively large crystals. Unfortunately, quantifying 
23 retardation of actinides due to coprecipitation is complicated by the need to consider precipitaticn 
24 kinetics, the effects of complexes on actinide coprecipitation, and coupling solute flow rates with 
25 coprecipitation. Consequently, whereas benefit could be gained if actinide coprecipitation were 
26 quantified, it is conservative to disregard the effects of brine mixing. 

27 3.4 Long Term Processes 

28 This section contains conceptual and mechanistic models concerning processes that 
29 potentially could act over thousands of years to alter patterns of groundwater flow in strata above 
30 the Salado Formation. 

31 3.4.1 Climate Change 

32 Summary Statement: Climate in southeastern New Mexico may be wetter and cooler at some 
33 times during the next 10,000 years than it is at present. A wetter and cooler climate may result in 
34 an increase in the amount of water infiltrating to the saturated zone, thereby raising the water 
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1 table. A rise in the elevation of the water table could increase the hydraulic gradient or change its 
2 direction in the Culebra or other members of the Rustler Formation. Three-dimensional 
3 modeling work to date suggests that the hydrologic system may respond too slowly for 
4 significant changes in the hydraulic gradient in the Culebra to occur within 10,000 years. A rise 
5 in the water table could also affect performance by increasing the extent of the saturated zone in 
6 the rocks above the Rustler Formation 

7 Discussion 

8 Paleoclimates and Climatic Variability 

9 Geologic data from southeastern New Mexico and the surrounding region show repeated 
10 alternations of wetter and drier climates throughout the last 1.5 million years, corresponding to 
11 global cycles of glaciation and deglaciation. Data from plant and animal remains and paleo-lake 
12 levels permit quantitative climate reconstructions for the region only for the last glacial cycle, 
13 and confirm the interpretation that conditions were coolest and wettest during glacial maxima 
14 (Swift, 1993). The hottest and driest conditions since the last glaciation have been similar to 
15 those of the present. Modeling of global circulation patterns suggests that these changes resulted 
16 from the disruption and southward displacement of the winter jet stream by the ice sheet, causing 
17 an increase in the frequency and intensity of winter storms throughout the American Southwest 
18 (COHMAP Members, 1988). Mean annual precipitation 22,000 to 18,000 years ago, when the 
19 last North American ice sheet reached its southern limit roughly 1500 km north of the WIPP, was 
20 approximately twice that of the present. Mean annual temperatures may have been as much as 
21 5 "colder than at present. 

22 Glacial periodicities have been stable for the last 800,000 years (Hays et al., 1976; Imbrie 
23 et al., 1984; Imbrie, 1985). Barring anthropogenic changes in the Earth's climate, relatively 
24 simple modeling of climatic response to orbital changes in insolation suggests that the next 
25 glacial maximum will occur in approximately 60,000 years (Imbrie and Imbrie, 1980). The 
26 extent to which unprecedented anthropogenic climate changes may alter this conclusion is 
27 uncertain, but presently available models of climatic response to an enhanced greenhouse effect 
28 (e.g., Mitchell, 1989; Houghton et al., 1990) do not predict changes of a larger magnitude than 
29 those of the last 1.5 million years. Furthermore, published models do not suggest significant 
30 increases in precipitation in southeastern New Mexico following global wanning (Washington 
31 and Meehl, 1984; Wilson and Mitchell, 1987; Schlesinger and Mitchell, 1987; Houghton et al., 
32 1990). Even allowing for anthropogenic change, climate variability at the WIPP can be bounded 
33 by extremes of the last 1.5 million years (Swift, 1993). 

34 Relatively shorter-term climatic fluctuations have occurred throughout the last 1.5 million 
35 years with periodicities on the scale of hundreds to thousands of years. The causes of these 
36 nonglacial fluctuations are, in general, unknown, but paleoclimatic data indicate that 
37 precipitation may have approached glacial highs at some times during the last 10,000 years 
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1 (Swift, 1993). Based on the past record, fluctuations of this sort are probable during the next 
2 10,000 years, and must be included in long-term assessments. 

3 Hydrologic Modeling of Climate Change 

4 In regions with dry climates, such as present-day southeastern New Mexico, the water 
5 table (i.e the top of the saturated zone) is at some depth below the land surface. Only a few 
6 percent of the total precipitation infiltrates and percolates downward through the unsaturated 
7 zone. If the climate were to become cooler and wetter, the amount of moisture that infiltrates to 
8 the water table could be somewhat greater, and consequently the water table could rise. A 
9 conceptual model based on the concept of the groundwater basin described in Section 3.1.2 is 

10 used to evaluate possible changes in groundwater velocities in strata overlying the Salado 
i 1 Formation that could occur if the climate becomes wetter. According to this conceptual model, 
12 the elevation and shape of the water table determine to a large extent the patterns of 
13 groundwater flow in the basin. This conceptual model assumes that there is sufficient vertical 
14 flow through confining layers that the water table influences flow at depth. 

15 Maximum gradients of hydraulic head are predicted to occur when the infiltration rate is 
16 sufficient to raise the water to table to the ground surface at all locations. This is because the 
17 energy available to move groundwater in a basin depends on the difference in elevation between 
18 the highest and lowest positions of the water table. In regions with wet climates, the water table 
19 tends to be close to the ground surface everywhere. In regions with drier climates, the water 
20 table tends to remain near the land surface in topographically low areas but its elevation 
21 fluctuates under topographically high areas in response to changes in infiltration. The difference 
22 between the high and low parts of the water table, and consequently the gradient driving 
23 groundwater flow, is therefore maximized if the water table is everywhere near the land surface. 
24 On a regional scale these gradients will be similar to the slope of the land surface. At a local 
25 scale, however, hydraulic gradients can be greater or less than the slope of the overlying land 
26 surface. 

27 The possible impact of climate change on flow in confined layers can be demonstrated by 
28 considering the Culebra. Present-day flow in the Culebra is toward the south and driven by 
29 hydraulic gradients of approximately 3.25 m/km. If flow in the Culebra equilibrated with a water 
30 table at the land surface, the flow direction would change to the west and the average hydraulic 
31 gradient would be approximately three times greater. Flow rates would be faster given the larger 
32 hydraulic gradients if the average transmissivity of the Culebra were the same to the west of the 
33 repository as it is to the south. However, an examination of the transmissivity fields used for the 
34 1992 Performance Assessments (LaVenue and RamaRao, 1993) suggests that flow to the west 
35 would encounter regions of lower transmissivity than would flow to the south. If calculations 
36 confirm that flow to the west would actually pass through regions of low transmissivity, then 
37 increased gradients might not result in increased flow rates. 
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1 Groundwater will fill an open hole in unconfined units to the level of the water table if 
2 the units have a sufficiently large hydraulic conductivity. The present-day position of the water 
3 table in the vicinity of the WIPP is not well-known because the Dewey Lake produces very little 
4 water to most test holes. The observation that only a small amount of water can be produced 
5 from a given drill hole indicates either that the penetrated rock is unsaturated or that its 
6 conductivity is small. Brine from an intrusion hole could flow into both saturated and 
7 unsaturated portions of the Dewey Lake and the overlying Dockum Group, but could only be 
8 transported laterally for long distances toward the accessible environment in the saturated 
9 portion. Therefore a wetter climate could impact transport in the Dewey Lake and Dockum 

10 Group in two ways. First, it could increase me thickness or lateral extent of the saturated region. 
11 Second, the wetter climate could change flow directions and rates in the previously saturated 
12 portion. 

13 Results of a three-dimensional modeling study (Section 3.1.2 and Appendix A) suggest that the 
14 hydrologic system responds too slowly for increased infiltration at the land surface to 
15 significantly modify gradients of hydraulic head in the Culebra over 10,000 years if the confining 
16 layers remain undisturbed. However, me greater infiltration could increase the saturated 
17 thickness of the Dewey Lake by tens of meters over that period of time. 

18 3.4.2 Drill Holes That May Affect Regional Flow 

19 Summary Statement: Drill holes that do not intersect the waste may still have an affect on 
20 long-term performance by altering groundwater flow in strata above the Salado Formation. 
21 According to the groundwater basin conceptual model (see Section 3.1.2), the effect on flow in 
22 confined units of enhanced vertical communication between hydrostratigraphic units would be to 
23 make gradients of hydraulic head more similar to the slope of the ground surface overlying the 
24 WIPP site. The effect on performance may be similar to that suggested for climate change 
25 (Section 3.4.1). 

26 Discussion: Boreholes have the potential to alter groundwater flow patterns in strata above the 
27 Salado by locally increasing the rate of flow across confining layers. We applied the 
28 groundwater basin conceptual model (Section 3.1.2) and current knowledge about the shallow 
29 flow regime to evaluate the possible impacts of these boreholes. 

30 Pertinent knowledge about the shallow flow regime includes: 

31 Sufficient head data exist to determine horizontal flow directions in the vicinity of WIPP 
32 for the Culebra and Magenta dolomites. Flow in the Culebra is generally directed to the 
33 south, and flow in the Magenta is toward the west and southwest. 

34 Wiuiin the controlled area, fresh-water heads in the Magenta are higher than those in the 
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1 Culebra. This suggests, but does not prove, downward flow because heads and fluid 
2 densities in the thick confining layer between the Culebra and Magenta (Tamarisk 
3 Member) are not known. 

4 Given the concepts of groundwater basin flow described in Section 3.1.2, the differing 
5 directions of flows within the Culebra and the Magenta make hydrologic sense. Because of the 
6 low conductivity of the Tamarisk Member, there is a significant head loss between the Magenta 
7 and the Culebra. Flow in the Magenta more closely reflects the imprint of the local topography, 
8 which slopes from east to west within the controlled area. Flow in the Culebra more closely 
9 reflects the imprint of the regional land slope, which is generally north to south, paralleling the 

10 overall topography of the northern Delaware Basin. 

11 The effect of a leaky borehole in this system will be to increase the vertical conductivity 
12 of all units. In those units that already have a relatively high conductivity, this increase may be 
13 nominal, but in tighter units (such as the Tamarisk) this increase can be dramatic. An increase in 
14 vertical conductivity leads to a decrease in head loss across the thickness of the unit. Given 
15 sufficient boreholes connecting the Magenta and the Culebra, differences in head across the 
16 Tamarisk be significantly reduced. Heads and gradients in the Culebra would become more like 
17 those in the Magenta, and flow in the Culebra would pivot from a southerly direction to a west-
1S southwest direction. Such a west by southwest direction would lend itself to analysis by the 
19 same model proposed for climate change issues in section 3.4.1. 

20 3.4.3 Subsidence Over Potash Mines 

21 Summary Statement: Potash ore occurs in the middle portion of the Salado Formation (above 
22 the repository horizon) under nearly 2070 km2 of the Delaware Basin, including some portions of 
23 the WIPP controlled area. Subsidence has occurred over potash mines in the past and will 
24 continue to occur over the regions that are already mined. An unknown amount of additional 
25 mining may occur in the future. Although regional subsidence is expected to lower the absolute 
26 elevation of the land surface by up to a few meters and may create local irregularities, it is not 
27 likely to alter the relative topography over the area that controls flow over the WIPP. 

28 Regional subsidence may alter the hydraulic conductivities (K) of the Rustler units. If the 
29 conductivities of the lower-K units (Tamarisk and Forty-niner) are enhanced to a greater degree 
30 than the conductivities of the higher-K units (Culebra, Magenta) then the hydraulic gradients that 
31 generate the current north-to-south flow pattern in the WIPP land withdrawal boundary could be 
32 diverted towards the southwest. If the conductivities of all units are raised to an equal degree, 
33 then the current flow direction would not be altered. 

34 Discussion: The WIPP land withdrawal area occupies a portion of the southeastern quadrant of 
35 the federally managed Potash Area. This Potash Area covers approximately 2070 km2 and 
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1 overlaps the boundaries of the regional flow system identified by Corbet and Wallace (1993). 
2 The potash zones (specifically the McNutt Potash Zone) occupy a portion of the middle member 
3 of the Salado Formation. Subsidence has occurred over mined areas in the past and continues to 
4 occur. 

5 Although the land surface in subsiding areas is lowered and there may be local changes in 
6 drainage patterns, the overall topographic features that have the primary affect on the location of 
7 the water table will remain similar to those of the present. However, subsidence may have 
8 impacts other than lowering of the land surface, including possible fracturing of units that overlie 
9 the potash zone. This fracturing could lead to an increase in conductivity for those units. The 

10 degree of increase and the relative change in conductivity from unit to unit could have an effect 
11 on the long-term groundwater flow behavior for Rustler units. 

12 Because the Tamarisk and Forty-niner members presently have very low conductivities, 
13 fracturing may cause larger increases in conductivity in those units than in the Culebra and 
14 Magenta. The effect on flow would be similar to that described for boreholes that do not intrude 
15 the repository (see Section 3.4.2), for the same fundamental reasons. That effect would be a 
16 change in the direction of the hydraulic gradients in the land withdrawal area. Currently they 
17 direct flow in the Culebra from north to south. If the scenario were to occur, they would direct 
18 flow in the Culebra towards the southwest. 
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1 4.0 CURRENTLY AVAILABLE DATA FOR ASSESSMENT OF 
2 LONG-TERM PERFORMANCE 

3 Data and information relevant to non-Salado containment include flow and transport 
4 parameters and their distributions in the non-Salado hydrostratigraphic units. Sections 4.1 through 
5 4.4 briefly summarize the interpreted hydraulic head, transmissivity, storativity, fluid density, 
6 porosity, and retardation parameters for the non-Salado units. The raw data used to calculate these 
7 parameter values are referenced in Section 4.5. References to documentation in previous 
8 performance assessments (WIPP PA Division, 1991; Sandia WIPP Project, 1992) are made where 
9 possible. 

10 4.1. Supra-Rustier Units 

11 As discussed in Section 3.1.1, properties of the supra-Rustier units are less well understood 
12 than those of other units because of the lack of long-term hydraulic tests and the difficult of making 
13 those measurements. Two tests have been attempted in the lower portion of the Dewey Lake Red 
14 Beds, at DOE-2 (Beauheim, 1986) and H-14 (Beauheim, 1987a). In both cases, transmissivities were 
15 too low to be measured. 
16 
17 4.2 Rustler Formation 

18 As discussed in Section 3.1.1, the Rustler Formation contains five members. Extensive well 
19 testing has only been performed on the most transmissive Rustler unit, the Culebra Dolomite 
20 Member. Few tests have been performed in units other than the Culebra. 

21 4.2.1 Unnamed Lower Member and Contact Zone with Upper Salado Formation 

22 Mercer (1983) reports values of transmissivity for the "Rustler-Salado contact residuum" 
23 from 20 locations in the vicinity of the WIPP site. These values and an additional value (from well 
24 H-16) reported by Beauheim (1987a) are shown, along with the locations of the wells at which the 
25 measurements were made, in Figure 4-1. A summary of test information from these locations is 
26 presented in Table 4-1. This summary was compiled from data contained in Mercer and Orr (1979), 
27 Mercer et al. (1981), Dennehy (1982), Dennehy and Mercer (1982), Mercer (1983), Richey (1986; 
28 1987a), and Beauheim (1987a). Table 4-1 indicates that the tests at wells H-8c, WIPP-25, WIPP-27, 
29 WEPP-28, and WIPP-29 were conducted over intervals contained entirely within the residuum of the 
30 upper Salado. This indication is somewhat misleading, because at these locations, the contact 
31 between the Rustler and Salado is not a discrete horizon. At all of these locations, blocks of the 
32 unnamed lower member have been translated downward and mixed with Salado residue/breccia, and 
33 the contact has been arbitrarily defined as the uppermost occurrence of clasts of the red-tinted 
34 gypsum found at the top of the Salado in undisturbed sequences. Thus, the transmissivity values 
35 reported for these locations apply to a mixture of disrupted upper Salado and lower Rustler 
36 components. 

37 The test intervals at the other wells varied in length between 22 and 143 ft with different 
38 stratigraphic coverages, but all included at least the lower 8 ft of the Rustler and the upper 4 ft of the 
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1 Figure 4-1. Distribution of Rustler halite and unnamed lower member and/or Rustler-Salado 
2 contact residuum transmissivity around the WTPP site. 
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1 Table 4-1. Summary of Information on Hydraulic Testing of the Unnamed Lower Member 
2 and/or Upper Salado. 

WELL UNNAMED 
LOWER 

DEPTH 
INTERVAL 

COMPLETION 
INTERVAL 

TRANSMISSXVITY 
(ft2/day)a 

COMMENTS 

MEMBER 
DEPTH 

INTERVAL 
(ft)" 

TESTED 
(ft) 

(ft) 

H-l 699-818b 699-842° 803-827° 3 x 10"* 
H-2c 645-764 743-795C 743-795° 1 X 10"* 
H-3(bl) 694-821 S00-868C 813-637° 3 X ID"* 
H-4c 516-626 610-661d 610-661d 6 X 10"* . • 
H-5c 924-1041 1025-1076' 1025-1076' 3 X 10" 5 

H-6c 627-721 699-741f 699-74lf 3 X ID' 3 top of Salado salt at 723 ft 
H-7c 274-3B0b 3S6-4208 356-420* 7.3 x 1 0 _ 1 top of Salado salt at 405 ft 

— H-8e 614-733 734-808*,h 734-808* 3 X 10" 3 top of Salado salt at 798 ft 
H-9c 677-791 783-816* 783-816* 2 X 10"* 
H-lOc 1391-1501 1483-1538* 1483-1538* 9 X 10~ 5 

H-16 724-8421 739-851* 738-8S11 2 X io-* * 
P-14 595-687 676-700C 676-700° 5 X 10" 2 top of Salado salt at 695 ft 
P-15 435-542 532-560C 532-560° 4 X 10"* 
P-17 583-715 702-726° 702-726° 2 X 10"* 
P-18 938-1088 1076-1100° 1076-1100° 3 X 10' 5 

-WIPP-25 472-565 579-606h*J 579-608^ 5 X 10° top of Salado salt at 600 ft 
HIPP-26 209-309 228-329^ 228-329^ 4 X 10" 1 top of Salado salt at 320 ft 

-WIPP-27 318-416 426-460 b , J 426-460-3 2 X 10~* top of Salado salt at 508 ft 
- WIPP-28 446-531 549-589 b , d 549-589J 8.7 x 1 0 _ 1 top of Salado salt at 589 ft 
'"WIPP-29 42-143 216-250 h , J 216-250^ 8 X 10° top of Salado salt at 221 ft 

WIPP-30 654-749 731-753*3 731-753J 2 X 10" 1 

* Data from Mercer (1983) except as noted 
b Revision of published depth by R.P. Snyder, USGS, personal comnunication 
e Data from Mercer and Orr (1979) 
Data from Mercer et al. (1981) 

" Data from Dexmehy and Mercer (1982) 
Data from Dezmehy (1982) 

* Data from Riehey (1986) 
No Rustler tested 
Data from Beaubeia (1987a) 

i Data from Richey (1987a; OFR 87-37) 
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1 Salado. Most of the transmissivity values for the Rustler-Salado contact zone range from 3 x 10 s 

2 to 6 x lO f̂rVday. No correlation is evident between test-interval thicknesses and transmissivities, 
3 indicating varying hydraulic conductivity. If the measured transmissivities are considered to be 
4 derived entirely from whatever portions of the lower siltstone of the unnamed member were included 
5 in the test intervals, the average hydraulic conductivity of the siltstone ranges from about 2 x 10"6 to 
6 4 x 10"5 ft/day. Transmissivities higher than 6 x 10"4 ft^day were measured at five locations. 
7 Dissolution of the upper Salado has occurred at four of these locations (wells H-6c, H-7c, P-14, and 
8 WIPP-26; Figure 3-2), and the test intervals included 13 to 40 ft of the upper Salado and residuum 
9 which probably contributed the increased transmissivity. Only the value from WIPP-30 (0.2 ftVday), 

10 where no dissolution of the upper Salado is believed to have occurred, cannot be explained by 
11 dissolution/collapse-related transmissivity enhancement. 

12 Water levels take months to years to stabilize in wells completed in low- transmissivity zones 
13 such as the unnamed member. Most of the wells in which the lower Rustler and/or upper Salado 
14 were tested did not remain completed to those zones long enough for water levels to stabilize, but 
15 were instead recompleted to allow testing/monitoring of overlying units. As a result, reliable 
16 water-level data are available only from those wells where unnamed member or Rustler-Salado 
17 transmissivities greater than 6 x lO^ftVday were measured. 

18 Richey (1987b) presents the water-level data collected from the Rustler- Salado contact zone 
19 by the USGS between 1977 and 1985. Stabilized water levels were attained only in wells H-6c, 
20 H-7c, H-8c, P-14, WIPP-29, and WIPP-30. Water levels rose slowly in WIPP-25, WIPP-26, and 
21 WIPP-28 during their monitoring periods; the last measurements made can be used as minimum 
22 water-level elevations at those locations. Of the other wells where Rustler- Salado water levels were 
23 measured, only the data from H-2c and P-17 are adequate to place lower bounds on the stabilized 
24 water-level elevations that are useful in understanding flow directions. A similarly useful lower 
25 bound can be placed on the stabilized water-level elevation at H-16 using fluid- pressure data 
26 presented by Beauheim( 1987a). 

27 Figure 4-2 presents the water-level elevations measured in the 12 wells listed above. The 
28 water-level elevations measured at the wells completed entirely in the residuum of the upper Salado 
29 (H-8c, WIPP-25, WIPP-28, and WIPP-29) do not appear to be significantly different from the 
30 water-level elevations at the wells completed across the Rustler-Salado contact, indicating probable 
31 good hydraulic communication between the brine aquifer in the upper Salado residuum and the lower 
32 Rustler siltstone. Drawing conclusions about flow directions from the water-level data is difficult, 
33 however, because the density of the Rustler-Salado water varies between the wells. One basis for 
34 evaluating general directions of groundwater flow is provided when the water-level elevations are 
35 converted to freshwater-head elevations (me elevation to which a column of freshwater would stand 
36 while exerting the same pressure at the midpoint of the well-completion interval as the actual water 
37 in the well). Because of the dip of the Rustler, however, freshwater-head elevations calculated from 
38 the midpoints of the well- completion intervals do not share a common elevation datum and, 
39 therefore, interpretation of potential flow directions may be misleading (Davies, 1987). Moreover, 
40 any calculation of freshwater head is only as good as the measurement or estimate of the density (or 
41 specific gravity) of the water in the well at the time of the water-level measurement. 

42 
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1 Figure 4-2. Measured water levels and estimated freshwater heads of the unnamed lower member 
2 and/or Rustler-Salado contact zone. 
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1 The freshwater-head elevations shown on Figure 4-2 were estimated using fluid-density or 
2 specific-gravity data presented by Mercer (1983), Richey (1986; 1987a), and Beauheim (1987a) (see 
3 Table 4-2). Most of the density/ specific-gravity measurements were made in connection with 
4 water-quality- sampling exercises that involved purging the wellbores, and the water-level 
5 measurements were made following recovery from those exercises. Because these wells were in 
6 general poorly developed, the waters entering the wellbores following the sampling exercises may 
7 have had slightly different densities from the waters removed. Thus, the density measurements were 
8 assumed to have an uncertainty of ±0.02 g/cm3 when used to calculate freshwater heads. The 
9 uncertainty in density is higher at WIPP-26, but only in the direction of higher density, because of 

10 apparent density stratification in the wellbore (Richey, 1987a). No fluid-density measurements were 
11 made on Rustler-Salado water from P-17 during the period from 1981 to 1982 when the only reliable 
12 water-level measurements were made. The only conclusion that can be drawn from the P-17 data is 
13 that the freshwater head cannot be lower than the measured water level. Table 4-2 summarizes the 
14 hydraulic-head data available for the unnamed lower member and/or upper Salado. Geochemical 
15 analyses from testing in the unnamed lower member are tabulated in Table 4-3. Concentrations of 
16 major chemical constituents in the unnamed lower member are shown in Figure 4-3. 

17 4.2.2 Culebra Dolomite Member 

18 Mercer (1983) reported values for Culebra transmissivity at 20 locations. Beauheim (1987a) 
19 provided values for Culebra transmissivity at 15 new locations, and new estimates at seven locations 
20 for which values had previously been reported. Combined with testing performed for Project Gnome 
21 (Cooper and Glanzman, 1971) and other recent work performed at DOE-2 (Beauheim, 1986), H-3 
22 (Beauheim, 1987c), H-l 1 (Saulnier, 1987), WIPP-13 (Beauheim, 1987b), AEC-7 (Beauheim et al., 
23 1991), and D-268 (Beauheim et al., 1991), the Culebra has been tested at 41 locations in the vicinity 
24 of the WIPP (Table 4-4). Figure 4-4 shows these 41 locations and the most-recent transmissivity 
25 values at each provided by the reports referenced above, as well as the distribution of halite within 
26 the Rustler over the same area. In general, the highest Culebra transmissivities (tens to thousands 
27 of ftVday) are found in areas where no halite is present in the Rustler, and the lowest transmissivity 
28 (s 0.004 ftVday) is found at P-18 where halite is present in all three non- dolomite Rustler members. 
29 At the two wells (H-12 and H-17) where halite is absent from the Forty-niner but present in the 
30 Tamarisk and unnamed member, the transmissivity of the Culebra is about 0.2 ftVday. Where halite 
31 is present only in the unnamed lower member, Culebra transmissivity ranges from 0.07 to 89 ftVday. 

32 Culebra transmissivities of about 1 ftVday or greater appear to be related to fracturing. 
33 Where the transmissivity of the Culebra is less than 1 ftVday, few or no open fractures have been 
34 observed in core and the Culebra's hydraulic behavior during pumping or slug tests is that of a 
35 single-porosity medium. Where transmissivities are between 1 and at least 100 ftVday, numerous 
36 open fractures are observed in core and the hydraulic behavior of the Culebra during pumping tests 
37 is that of a double-porosity medium. Where the transmissivity of the Culebra is greater than 
38 approximately 100 ftVday, Culebra core is heavily fractured to the point of brecciation. 
39 Double-porosity hydraulic behavior is less apparent in these highly transmissive areas, perhaps 
40 because matrix-block size decreases as fracture frequency increases, decreasing the time lag observed 
41 between the hydraulic response of the fractures and that of the matrix. 
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Table 4-2. Hydraulic-Head Information for the Unnamed Lower Member and/or Upper Salado. 

HELL GROUND- STABILIZED DATE OF DEPTH TO BOREHOLE- FRESHWATER- MIDDLE OF 
SURFACE DEPTH TO HATER-LEVEL MIDDLE OF FLUID HEAD COMPLETION 

ELEVATION HATER (ft) b MEASUREMENT COMPLETION DENSITY ELEVATION INTERVAL 
(ft ami)* INTERVAL 

(ft) c 

(S/em 3) 
(±0.02) 

(It amsl) PRESSURE 
(psi) 

H-2c 3378 <343 2/79 769 1.225 c >3131+9 >226.1+3.7 

H-6c 3348 411 7-12/80 720 1.21 c 3002+6 162.0+2.7 

H-7c 3163 199 '79-'80 388 1.048 C 2973+4 85.8+1.6 

H-8c 3433 460 11-12/80 771 1.13 d 3013+6 152.3+2.7 

H-16 3 A10 <366* 12/87 795 f 1.2 £ >3130+2 >223.3+1.0 

P-14 3360 386 •79-'80 688 1.21 s 3037+6 158.3+2.6 

P-17 3336 <316 5/82 714 unknown >3020 >172.5 

WIPP-25 3212 <238 6/80 593 1.173 6 >3035+7 >180.4+3.1 

HIPP-26 31S2 <191 6/80 278 1.04 h' i >2964+4 >37.7+1.9 

WIPP-28 33*7 <303 6/80 569 1.140° >3081±5 >131.4+2.3 

WIPP-29 2977 16 3-6/80 233 1.072 b 2975+4 99.9+1.9 

WIPP-30 3428 473 6/80 742 1.202 h 3009+5 140.1+2.3 

Data from Gonzales (1989) 
Data from Ricbay (1987b; OFR 87-120) except as noted 
Data from Marcar (1983) except as noted 

d Data from Richer (1986) 
Converted from pressure data presented in Beaubeim (1987a) 
Data from Beauhaim (1987a) 

8 Calculated from water analysis presented in Mercer (1983) and Figure E.l of Haug at al. (1987) 
h Data from Ricbay (1987a; OFR 87-37) 
1 Uncertainty - +0.05 
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Table 4-3. Geochemical Analyses from the Unnamed Lower Member and/or Upper Salado. 

Alkalinity Bicarbonate Carbonate Nitrogen Sulfide 
Density Field FET-FLD FET-FLD NC^+NO3 Total Hardness 

Dale of Geologic (gm/mlat (mg/Las (mg/Las 
CO 3) 

(mg/Las Dissolved (mg/Las (mg/Las 
Well Sample Unit 20 O Ph Units CaOO3) 

(mg/Las 
CO 3) HCO 3 (mg/LasN) S) CaCO3) 

H-l 77-02-13 312RSLRL 7.9 554 675 0 .29 160000 
H-2C 7742-23 312RSLRL — 5.9 163 199 0 1.1 - 130000 
H-3 77-02-23 312RSLRL — 7.6 383 467 0 .77 — 150000 
H-4C 79-03-16 312RSLRL — — 1 1 0 n — 130000 
H-5C 79-05-16 312RSLRL — — 180 300 - - - 340000 
H-6C 79-04-09 312RSLRL — — 1 — — — - 97000 
H-7C 8043-20 312RSLRL 1.048 6.8 35 — - .03 - 10000 
H-8C 80494)6 3I2RSLRL — 7.6 21 — — .00 .6 4800 
H-9C 8045-20 312RSLRL 1.202 7.0 24 — — 1.1 - 6800 
H-10C 80-05-19 312RSLRL 1.198 63 53 — — .84 — 49000 
P-14 7742-24 3I2RSLRL - 7.2 182 222 0 J 4 - 6400 
P-15 7 9 4 4 4 3 312RSLRL — — 45 — — - — 3400 
P-17 7945-11 312RSLRL - — 650 - - .04 - 200000 
P-18 7945-11 312RSLRL 1.266 5.35 400 — - .06 .0 — 
WIPP-25 8043-19 312RSLRL 1.173 7.2 80 — — .04 —̂ 15000 
WIPP-26 8043-18 312RSLRL 1.078 8 J 160 — - .05 — 12000 
WIPP-27 8045-21 312RSLRL 1.205 7.8 — - - - — — 
WIPP-28 8043-20 312RSLRL 1.140 7.0 — - — — — — 
WIPP-29 8043-18 312RSLRL 1.068 7 J 130 - — .23 — 10000 
WIPP-30 8043-19 3I2RSLRL 1.201 7.0 320 ~ — .04 - 12000 

Hardness, Solids. 
Noocar- Calcium Magnesium, Sodium, Sulfate Silica, Residue at 
bonate Dissolved Dissolved Dissolved Potassium, Chloride, Dissolved Fluoride, Dissolved Boron, 105Deg .C 
(mg/L 

CaCO3) 
(mg/Las (mg/Las (mg/Las Dissolved Dissolved (mg/Las Dissolved (mg/Las 

SiO 2) 
Dissolved Dissolved 

Well 
(mg/L 

CaCO3) Ca) MR) Na) (mg/LasK) (mg/LasCI) SO 4 ) (mg/L as F) 
(mg/Las 

SiO 2) (UG/LasB) (n>R/L) 

H-l 160000 13000 30000 56000 17000 210000 520 _ <1 110000 480000 
H-2C 130000 9200 25000 66000 9100 200000 1300 - 2.0 150000 450000 
H-3 150000 18000 25000 59000 14000 210000 37 — 1.0 1900 327000 
H-4C 130000 8300 27000 66000 8600 210000 1400 1.7 U 360000 322000 
H-5C 340000 2100 82000 14000 21000 290000 2000 < 1 1.6 67000 412000 
H-6C 97000 4200 21000 80000 8000 200000 2000 1.0 1.4 200000 316000 
H-7C 10000 2600 910 22000 210 41000 2900 .8 7.2 3100 79800 
H-8C 4700 1200 430 46000 660 70000 5300 .4 .8 1300 130000 
H-9C 6800 1300 870 130000 1200 190000 2600 .1 3.8 19000 326000 
H-10C 49000 1500 11000 100000 4000 190000 3300 .7 3.2 120000 323000 
P-14 6200 570 1200 120000 1300 180000 10000 - 2.0 1700 350000 
P-15 3300 770 350 24000 1400 38000 2800 1J 1J 3700 — 
P-17 20000 15000 40000 23000 8800 180000 1200 3.8 15 880 — 
P-18 - 10000 37000 48000 12000 220000 480 2.3 .4 160000 -
W1PP-25 15000 650 3200 90000 2400 130000 12000 .0 2.6 35000 252000 
WIPP-26 12000 2700 1300 52000 1000 88000 7600 .0 2.5. 30000 153000 
WIPP-27 4700 1160 1040 102000 2570 154000 5190 .2 .1 1300 363000 
WIPP-28 13000 615 2070 65000 2070 102000 11000 .2 6.0 54000 _ 
WIPP-29 10000 850 2000 32000 1000 49000 12000 .9 3.5 21000 129000 
WIPP-30 11000 850 2300 120000 1500 170000 7000 .0 3.5 77000 302000 
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1 Figure 4-3. Concentrations (meq/L) of major chemical constituents in the unnamed lower 
2 member and/or upper Salado (from Mercer, 1983)). 
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Table 4-4. Summary of Transmissivity Data for the Culebra Dolomite Member of the Rustler 
Formation. 

HELL CULEBRA TRASSMISSIVm REFERENCE 
DEPTH Cft2/day) 
INTERVAL 
(ft) 

1.8 x 10 Baauhaim at al. (1991) 
2.8 x 10"1 Beauheim (1987a) 
2.2 x 10° Baauhaim at al. (1991) 
1.1 x 10 1 Beauheim (1987a) 
8.9 x 10 1 Baauhaim (1986) 
4.3 x 10 1 Beauheim (1987a) 
4.6 x 10 _ 1 Baauheim (1987a) 
8.7 x lO'1 Beauheim (1987a) 
4 X 10 _ 1 Mercer (1983) 
2.3 x 10° Beauheim (1987b) 
6.5 x 10' 1 Baauheim (1987a) 
2 x 10"1 Mercer (1983) 
7.3 x 10 1 Marcer (1983) 
>1 x 10 3 Marcar (1983) 
8.2 x 10° Beauheim (1987a) 
2.3 x 10 2 Mercer (1983) 
7 x 10" 2 Mercer (1983) 

2.7 x 10 1 Saulnier (1987) 
1.8 x 10 _ 1 Baauheim (1987a) 
3.0 x 10 _ : Beauheim (1987a) 
1.3 x 10 _ 1 Beauheim (1987a) 
8.0 x 10~3 Beauheim (1987a) 
2.2 x 10 * Beauheim (1987a) 
2.0 x 10° Beauheim (1987a) 
1.4 x 10 2 Mercer (1983) 
9.1 x 10"2 Beauheim (1987a) 
1.0 x 10° Baauheim (1987a) 
<4 x 10~3 Baauheim (1987a) 
4.7 X 10 2 Cooper and Glanzman (1971) 
1 X 10"1 Baauhaim (1987a) 

6.9 x 10 1 Baauhaim (1987c) 
3.0 x 10 _ 1 Beauheim (1987a) 
6.0 x lO*1 Beauheim (1987a) 
2.5 X 10 _ 1 Baauheim (1987a) 
3.7 X 10"1 Beauheim (1987a) 
2.7 x 10 2 Mercer (1983) 
1.25 x 10 3 Marcer (1983) 
6.5.x 10 2 Marcer (1983) 
1.8 x 10 1 Mercer (1983) 
1 x 10 3 Mercer (1983) 
1.8 x 10 _ 1 Baauhaim (1987a) 

AEC-7 870-896 
Cabin Baby-1 503-529 
D-268 370-392 
DOE-1 821-843 
DOE-2 824-846 
Engle 659-681 
ERDA-9 704-727 
H-l 676-699 
H-2 623-645 
H-3 672-694 
H-4c 490-516 
H-5 897-920 
H-6 492-511 
H-7 237-283 
H-8b 588-614 
H-9 647-677 
H-lOb 1360-1391 
H-ll 730-756 
H-12 823-850 
H-14 545-571 
H-15 861-883 
H-16 702-724 
H-17 706-731 
H-18 689-713 
P-14 573-595 
P-15 413-435 
P-17 558-583 
P-18 909-938 
USGS-1 517-549 
WIPP-12 810-835 
WIPP-13 703-726 
WIPP-18 787-808 
WIPP-19 756-779 
WIPP-21 729-753 
WIPP-22 742-764 
WIPP-25 447-472 
WIPP-26 186-209 
WIPP-27 292-318 
WIPP-28 420-446 
WIPP-29 12-42 
W1PP-30 631-653 
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Figure 4-4. Distribution of Rustler halite and Culebra transmissivity around the WIPP site. 
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1 In most of the wells completed to the Culebra, water levels have been measured on a regular 
2 basis since the wells were constructed. Thus, with about 60 wells at 41 drilling-pad locations 
3 currently or once completed to the Culebra, abundant water-level data are available. Culebra water 
4 levels at and around the W1PP site have been affected, however, by continuous drainage into one or 
5 more WIPP shafts since the construction of the Exploratory Shaft (now the Salt Handling Shaft) in 
6 late 1981, as well as by numerous pumping tests and water-quality sampling exercises conducted 
7 since 1980. Thus, definition of the potentiometric surface of the Culebra undisturbed by WIPP 
8 activities is non-trivial. 

9 Cauffman et al. (1990) performed a thorough review of Culebra water-level data, borehole-
10 and formation-fluid-density data, and WIPP-related hydraulic stresses, and derived estimates of the 
11 undisturbed freshwater heads at 35 wells. These estimates are presented in Table 4-5, and are shown 
12 contoured (freehand) on Figure 4-5. The freshwater-head contours indicate a southwesterly flow 
13 direction down Nash Draw, a southerly flow direction across the WIPP site, and an area of low 
14 gradients with apparent westerly flow south of the WIPP site. Davies (1989) reports that flow 
15 directions in this southern area of low hydraulic gradients are difficult to define reliably because 
16 density-related flow-driving forces may be larger than pressure-related flow-driving forces within 
17 this part of the Culebra, suggesting that flow in this area may have a larger easterly, down-dip 
18 component than is predicted considering only equivalent freshwater heads. 

19 Currently, no experimental data are available on partitioning coefficients, Kj, for the Culebra 
20 Dolomite. A limited amount of data for some of the actinides is available from Dosch (1980,1981), 
21 Dosch and Lynch (1978), Lynch and Dosch (1980), Nowak (1980), Serne et al. (1977), and Tien et 
22 al. (1983). However, these K,, data are not representative of actual conditions for the following 
23 reasons: 

24 1) Brine used in the majority of these experiments are not representative of Culebra brines 
25 (Novak, 1992). Only a limited amount of brine composition data was available when these 
26 measurements were performed. Since then, an extensive amount of data on brine 
27 composition in the Culebra has become available (Siegel et al., 1991b) which shows that all 
28 of the brine simulants except one used in the above-mentioned measurements do not match 
29 any of the measured brine compositions. 

30 2) Most of the Kj data available in the above-mentioned references are based on single-point 
31 isotherms from batch experiments, i.e., K,,s are obtained based on one measurement of the 
32 solute concentration in solution versus the sorbed amount of solute per unit mass of the 
33 sorbent (rock powder). 

34 3) It is not known that the equilibrium was established when the final concentrations of the 
35 solute were measured in the batch experiments. 
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Table 4-5. Hydraulic-Head Information for the Culebra Dolomite Member of the Rustler 
Formation. 

HELL GBDUHD- FHXSBWATZR- DEPTH TO MIDDLE OJLEBRA 
SURFACE BEAD MIDDLE OF OP FLUID 

ELTVAXIOH ELETAXIOH CULEBRA CULEBRA DENSITY 
« t amsl)* (It aaal) b (tt) c PRESSURE (*/en3)b 

(pal) 

AEC-7 3637 3038+3 883 123.1+1.3 T 
CafalaBabr-1 3327 2969+2 518 

381 d 

77.1+0.9 T 
D-266 3279 3002+1 

518 
381 d 43.1+0.4 r 

DOE-1 3463 2998+9,-7 832 # 138.2+3.9,-3.0 1.088 
DOE-2 3418 3068+3 833* 210.6+2.2 1.041 
H-l 3398 3028+7 688 138.2+3.0 1.022 
B-2e 3376 3028+6 634 123.3+2.6 1.006 
B-3bl 3389 3008+6 683 131.3+2.6 1.035 
B-4fa 3333 2895+4 510 74.5+1.7 1.014 
H-Sb 3505 3084+3 808 202.8+2.2 1.102 
B-6b 3348 3060+3 616 . 142.1+1.3 1.038 
B-7b 3164 2994+2 260 39.0+0.9 0.888 
B-8b 3434 2992+2 601 -68.9+0.8 1.000 
H-Sb 3406 2878+4 662 101.4+1.7 1.000 
H-lOb 3687 3023+7 1376 306.3+3.0 1.047 
H-llb2 3412 2884+5r-3 743* 140.8+2.2,-1.3 1.078 
H-12 3426 2888+4 837* 177.2±1.7 1.085 
B-14 334S 3003+2 S58 b 83.6+0.8 1.010 
B-15 3480 2889+8 872 h 168.4+3.8 1.154 
B-15 3410 >3006+ii 7l3 h >134.0+0.6 1.037J 

B-17 3384 2888+3 719* 140.4+1.3 1.100 
B-18 3413 3037+5.-4 70i h 149.3+2.2.-1.7 1.017 
P-14 3360 3041+3 584 114.8+1.3 1.018 
P-15 3310 3008+3 424 32.9+1.3 1.013 
P-17 3336 2881+2 571 97.9+0.8 1.061 
US6S-1 3426 2883+1 533* 38.8+0.4 1.000 
USGS-4 3413 2983 489* 26.4 1.000 
USGS-8 3410 2989 477* 24.3 1.000 
WXPP-12 3471 3059+4 823 178.1+1.7 T 
WPP-13 3405 3064+4 713 181.2+1.7 1.046 
WIPP-1S 3458 3031+4 798 170.3+1.7 ? 
WXFP-23 3212 3047+3 460 127.8+1.3 1.009 
HIPP-28 31S2 3016+1 198 26.8+0.4 1.008 
HKP-27 3177 3078+2 303 88.3+9.8 1.093 
WIPP-28 3347 3075+3.-4 433 68.8+1.3,-1.7 1.032 
HIHf-29 2977 2870+1 27 J.7+0.4 7 
HIPP-30 3427 3068+6.-7 642 123.1+2.6.-3.0 1.016 

Data 2roa Gensalas (1888) 
Data £ro> Canffwan at al. (1890) axeapt aa notad 

8 Data fxea Marcar <!&*?> wcoapt aa notad 
d Data Zees BaaahaiB &Xfkw (1981) 
* Data treat Praaland (1982) 
f Data from Harcar at al. (1987) 
* Data from Maroar (1990) 
h Data froa Baaubala (1987a) 
Lowsrad fay drainasa into HIPP shafts; eomrartad from pssaaura data prsaantad in Stanszod at al. (1988a) 

J Spaclfie-sxavity valua froa Culabra la Alr-Intaka Shaft (Lyes, 1989) 
Data fxea Coopar and filaniam (1971) 
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1 4.2.3 Tamarisk Member 

2 Less is known about the hydraulic properties of the Tamarisk than about those of the other 
3 Rustler members. No hydraulic tests of the Tamarisk anhydrites (A-2 and A-3) have ever been 
4 performed because of apparent low transmissivity. Hydraulic tests of the Tamarisk claystone have 
5 been attempted at only four locations: H-3b3 (1984 unpublished field notes), DOE-2 (Beauheim, 
6 1986), H-14 (Beauheim, 1987a), and H-16 (Beauheim, 1987a). Drillstem and/or pulse tests failed 
7 at all four locations, as the transmissivities were apparently too low to measure over a period of 
8 several days. Based on the interpretation of similar tests performed successfully on the unnamed 
9 lower member at H-16, Beauheim (1987a) concluded that the transmissivity of the Tamarisk 

10 claystone is likely 10"5 ftVday or less. The transmissivity of the Tamarisk claystone might be 
11 expected to be greater west of the WIPP site in Nash Draw where dissolution of the upper Salado 
12 and Rustler has occurred, but no direct measurements have been made in this area. The 
13 transmissivities of the Tamarisk anhydrites in Nash Draw may also have been increased by 
14 dissolution and subsidence-induced fracturing. 

15 No measurements of the undisturbed hydraulic head within the Tamarisk claystone have ever 
16 been made. The same low transmissivity that prevented successful hydraulic testing of the Tamarisk 
17 at H-3b3, DOE-2, H-14, and H-16 also prevented measurements of hydraulic heads at those 
18 locations. 

19 4.2.4 Magenta Dolomite Member 

20 Hydraulic tests have been performed on the Magenta dolomite at 16 locations (Mercer, 1983; 
21 Beauheim, 1986,1987a; Beauheim et al., 1991). The transmissivity values obtained from these tests 
22 are shown on Figure 4-6 and in Table 4-6. Most of the transmissivity values are less than or equal 
23 to 0.1 ftVday. Higher values of transmissivity, 0.3 and 1.0 ft 2 /day, are found at H-6a and H-9a, 
24 respectively. No halite is present in the Rustler at either of these two locations. The two highest 
25 values of Magenta transmissivity, 375 and 53 ftVday, are found in Nash Draw at WIPP-25 and 
26 WIPP-27, respectively, where dissolution of the upper Salado has caused collapse and fracturing of 
27 the overlying Rustler. Mercer (1983) noted that the transmissivity of the Magenta at WIPP-25 may 
28 have been overestimated because of possible leakage from the Culebra along fractures during 
29 hydraulic testing. Dissolution of the upper Salado has apparently not affected the Magenta at all 
30 locations where it has occurred, however, as the transmissivity of the Magenta is very low at H-8, 
31 and could not be measured at WIPP-28. 

32 Between 1979 and 1981, stabilized water levels were measured in 13 wells completed to the 
33 Magenta (Richey, 1987b). Figure 4-7 shows the elevations of these stabilized water levels, along 
34 with estimated freshwater-head elevations calculated using borehole-fluid-density (or 
35 specific-gravity) data presented in Mercer et al. (1981), Dennehy and Mercer (1982), Mercer (1983), 
36 Lambert and Robinson (1984), Richey (1986), and Richey (1987a). The contours of the freshwater 
37 heads indicate a southwesterly flow direction within the Magenta in the northern portion of Nash 
38 Draw, and a generally westward flow direction toward Nash Draw over the rest of the region. 
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Figure 4-6. Distribution of Rustler halite and Magenta transmissivity around the WIPP site. 
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1 Table 4-6. Summary of Transmissivity Data for the Magenta Dolomite Member of the Rustler 
2 Formation. 

WELL MASEHTA 
DEPTH 
IHTERVAL 

(ft)" 

DOE-2 699-722b 

H-l S63-5S9 

H-2a 515-543 

H-2bl 515-540d 

H-3bl 559-58* 

H-4a 375-400 

H-5a 783-810 

H-6a 492-511 

H-8a 466-488 

B-9a 523-554 

H-lOa 1256-1280 

H-14 424-448° 

H-16 590-616* 

WIPP-25 302-328 

WIPP-27 176-194 

WIPP-28 285-310 

W1PP-30 513-537 

TRANSMISSIYITT 
( f t 2 / d a y ) ' 

COMENTS 

1 X 10 •3 c 

5 X 10 

1 x 10 

2.4 x 10 

1 x 1 0 _ 1 

1.6 x 10 

6 x 1 0 " 2 

-3 d 

1 d 

1 X 10 - 1 

3 X 10 - 1 

6 X 10 - 3 

1 X 10 

1 x 10 - 2 

6 x 10 - 3 e 

3 X 1 0 _ 2 « 

3 .75 x 1 0 2 

5.3 x 1 0 1 

low t e s t i n g unsuccessful 

4 x 10" 3 

Data from Mercer (1983) except as noted 
b Data from Mercer et al. (1967) 
0 Data from Beauheim (1986) 
d Data from Beauheim et al. (1991) 
* Data from Beauheim (1987a) 
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1 Figure 4-7. Measured water levels and estimated freshwater heads of the Magenta dolomite 
2 member. 
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1 The hydraulic head at H-6a shown on Figure 4-7 seems anomalously low compared to that 
2 at surrounding wells, and causes a flexure in the contour lines across the northern portion of the 
3 WIPP site. The low head at H-6a may be related to drainage into dissolution cavities in the upper 
4 Rustler such as those encountered at WIPP-33 (Sandia and USGS, 1981). If so, it may be a relatively 
5 localized perturbation in die Magenta potentiometric surface, and not affect heads as far to the east 
6 as is indicated on Figure 4-7. 

7 Also shown on Figure 4-7 are freshwater heads estimated from pressure measurements made 
8 at DOE-2, H-14, and H-16. The pressure measurements at DOE-2 and H-14 were reported by 
9 Beauheim (1986 and 1987a) to represent upper bounds on the stabilized formation pressures, while 

10 the pressure measurement at H-16 reflects drainage from the Magenta into the nearby WIPP shafts 
11 since 1981 (Beauheim, 1987a). With these caveats, the estimated freshwater heads at DOE-2, H-14, 
12 and H-16 are in qualitative agreement with the pattern of freshwater heads derived from the 
13 water-level data Table 4-7 summarizes the hydraulic-head data available for the Magenta dolomite. 
14 Geochemical analyses from testing in the Magenta are tabulated in Table 4-8. Concentrations of 
15 major chemical constituents in the Magenta are shown in Figure 4-8. 

16 4.2.5 Forty-niner Member 

17 The claystone water-producing unit (M-4) of the Forty-niner has been hydraulically tested 
18 at only four locations: DOE-2 (Beauheim, 1986), H-3d (Beauheim et al., 1991), H-14 (Beauheim, 
19 1987a), and H-16 (Beauheim, 1987a). At these locations, the interbed thickness ranges from 10 to 
20 15 ft. Transmissivities reported for the claystone interbed are summarized in Table 4-9. As is the 
21 case with the other Rustler members, die transmissivity of the Forty-niner claystone might be 
22 assumed to be higher west of the WIPP site in Nash Draw as a result of subsidence and fracturing, 
23 but no direct measurements have been made in that area. Where die H-4 halite unit is found with 
24 the M-4 claystone east of the WIPP site, me transmissivity of me claystone is probably less than 
25 where the halite is absent. 

26 Testing of a Forty-niner anhydrite/gypsum alone has been attempted only in H-14 (Beauheim, 
27 1987a). At H-14, a drillstem test was performed in die upper 25 ft of die upper Forty-niner anhydrite 
28 (A-5). This test was qualitative in nature, and showed only that the transmissivity of the anhydrite 
29 must be several orders of magnitude lower man mat of the Forty-niner claystone. Where still present 
30 in Nash Draw, die Forty-niner anhydrites/gypsums may have very high transmissivities as a result 
31 of dissolution and subsidence-induced fracturing. 

32 Measurements of the hydraulic head of the Forty-niner claystone have been made at wells 
33 H-3d, H-14, H-16, and DOE-2. Beauheim (1987a) summarizes diese observations, and presents 
34 estimates of static fluid pressures at die midpoint of die claystone. The greatest uncertainty in tiiese 
35 estimates was attached to die measurement from DOE-2. Re-examination of die original data from 
36 DOE-2 (Beauheim, 1986) indicates that a "static" pressure 12 psi lower than that reported by 
37 Beauheim (1987a) probably provides a more accurate upper bound on die Forty-niner head at that 
38 location. The Forty-niner hydraulic-head data are summarized in Figure 4-9 and Table 4-10. 
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1 Table 4-7. Hydraulic-Head Information for the Magenta Dolomite Member of the Rustler 
2 Formation. 

HEXX G80UND- STABILIZED DATE OF OEFTB TO BOREHOLE- FRESHWATER- KIDDLE 
SURFACE DEPTH TO HATER-LEVEL MIDDLE OF FLUID HEAD OF 
ELEVAIION HATER MEASUREMENT MAGENTA DENSITY ELEVATION MAGENTA 
(ft amsl)a (ft) b (ft) C (S/cm3) 

(+0.01)° 
(ft amsl) PRESSURE 

(psl) 

DOE-2 3418 »310 d 10/84 711* 1.18-'f «3180+8 «205.0+3.5 

H-l 3398 247 2-3/79 S76 1.021 3158+3 145.6+1.4 

H-2a 3378 229 7-9/81 529 1.012 3152+3 131.6+1.3 

H-3bl 3389 240 •78-*79 572 1.010 3153+3 145.3+1.4 

H-4a 3333 189 •79-»80 388 1.017 3147+2 87.7+0.9 

H-5a 3S06 344 •78-'80 797 1.008 3164+5 197.9+2.0 

H-6a 3347 291 '78-*80 502 1.007 3058+2 92.1+0.9 

H-8a 3433 40S '80-'84 477 1.008* 3029+1 31.4+0.3 

H-9a 3406 282 •80-'83 539 1.006* 3125+3 112.0+1.1 

H-lOa 3687 587 'BO-'82 1288 1.171£'8 3216+14 345.6+5.9 

H-l* 3346 >221h 10/86 436 1 1.2**1 <3168+4 <111.8+1.9 

H-16 3410 <344 J , k 11/87 603 1 1.2*'1 >3117+lj >134.5+0.6 

HIPP-25 3212 1S8 '80-*84 315 1.010 3056+2 68.7+0.7 

WIPP-27 3177 103 '81-'82 185 1.095* 3082+2 38.9+0.7 

WIPP-28 3347 202 '81-'82 298 1.048f 3149+2 43.6+0.8 

HIPP-30 3428 303 •82-*83 525 1.011 3127+2 97.2+1.0 

Data from Gonzales (1989) 
Data from Riehay (1987b; OFR 87-120) except as notad 
Data from Marcar (1983) axcapt as notad 
Convartad from prassura data presantad in Baaubaim (1986) 

* Data from Baauhaim (1986) 
f Uncertainty - +0.02 
s Data from Riehay (1986) 
Convartad from pressure data prasantad in Baaubaim (1987a) 
Data from Beauhein (1987a) 

" Lowered by drainage into HIPP shafts 
Convartad from pressure data prasantad in Stensrud at al. (1988b) 
Data from Lambert and Robinson (1984) 
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Table 4-8. Geochemical Analyses from Testing in the Magenta. 

Date of 
Sample 

Geologic 
Unit 

Density 
(gm/mlat 

20 C) Ph Units 

Alkalinity 
Field 

(mg/Las 
CaCO3) 

Bicarbonate 
FET-FLD 
(mg/Las 

CO 3) 

Carbocmr 
FET-FLD 
(mg/Las 
HCO3 

Nitrogen 
N 0 2 + N 0 3 

Dissolved 
(mg/LasN) 

Sulfide 
Total 

(mg/Las 
S) 

Hardness 
(mg/Las 
CaCO3) 

H-1 76-0644 310MGNT — 7.4 75 92 0 - .0 3300 
H-2A 7742-22 310MGNT — 8.6 61 74 0 .04 - 2700 
H-3 77-05-10 310MGNT — 8.0 42 51 0 .08 - 5000 
H-4A 78-12-14 310MGNT — 8.0 52 63 - .01 - 2200 
H-5A 78-12-14 310MGNT _ 7.8 41 50 - .01 - 1300 
H-6A 78-12-20 310MGNT _ 7.3 42 51 - .03 - 2000 
H-8A 80-02-12 310MGNT 1.006 9.3 26 - - .06 - 2200 
H-9A 80-0245 310MGNT 1.003 8.5 35 - - .02 - 2100 
H-10A 80-03-21 310MGNT 1.175 7.1 0 - — .03 - 17000 
WIPP-25 8049-04 310MGNT 1.010 7.5 150 - - .64 1.2 3300 
WIPP-27 8047-24 310MGNT 1.080 6.8 57 — - .32 — 11000 

8049-20 310MGNT — 6.5 180 - - .40 1.8 17000 
WIPP-30 8049-24 310MGNT — 8.8 62 — "~ 00 .0 2400 

Hardness, 
Solids. 

Residue at 
Noncar- Calcium Magnesium, Sodium, Sulfate Silica, 105Deg .C 
bonate Dissolved Dissolved Dissolved Potassium, Chloride, Dissolved Fluoride, Dissolved Boron, Dissolved 
(mg/L 

CaCO3) 
(mg/Las (mg/Las (mg/Las Dissolved Dissolved (mg/Las Dissolved (mg/Las 

SiO 2) 
Dissolved (mg/L) 

Well 
(mg/L 

CaCO3) Ca) Ms) Na) (m<?/L as K) (ms/L as CI) SO 4) (mg/LasF) 
(mg/Las 

SiO 2) (UG/LasB) 

H-1 3300 890 270 5700 70 8000 3900 2.8 U 2200 18900 
H-2A 2700 820 170 2700 81 4100 2400 - 6.0 220 12000 
H-3 4900 1200 480 9300 250 15000 3400 1.8 6.4 13000 32000 
H-4A 2100 210 410 7000 130 7500 7000 2.5 6.4 13000 22300 
H-5A 1300 240 170 1500 53 880 3200 2.8 9.0 11000 — 
H-6A 2000 520 160 1100 46 1200 2700 1.4 7.7 2500 — 
H-8A 2200 870 17 2400 84 3500 2100 .7 S 3100 9410 
H-9A 2000 550 170 800 28 750 2700 1.8 3.3 2600 5460 
H-10A 17000 2500 2600 93000 510 160000 2700 1.3 1.9 3900 270000 
WIPP-25 3100 910 240 3100 .8 5600 1900 1.5 25 1900 18700 
WIPP-27 11000 1100 1900 34000 1800 61000 9400 .0 1.7 26000 106000 

17000 3600 2000 43000 10000 85000 2900 .4 13 230 173000 
WIPP-30 2400 690 170 5500 190 8700 3200 IS .7 12000 19000 
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1 Figure 4-8. Concentrations (meq/L) of major chemical constituents in the Magenta. 
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Table 4-9. Summary of Transmissivity Data for the Forty-Niner Claystone. 

WELL 

DOE-2 

H-3d 

H-14 

H-16 

FORTY-OTHER TRAHsmssrvm EEFERENC1 
CLAYSTOKE <ft 2 /day) 

DEPTH 

INTERVAL ( f t ) 

570-681 2 . 5 x 10" 3 t o 
1 .1 x 10" 2 

Beauhaim (1986) 

536-5*6 3 . 5 x l O - 3 t o 
4 .5 x 10" 3 

Baauhaim at a l . 

390-405 3 .0 x 10" 2 t o 
7 .1 x 10" 2 

Beauhaim (1987a) 

563-574 5 .0 x l O - 3 t o Baaubalo (1987a) 
5 .6 x 10 - 3 
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Figure 4-9. Estimated freshwater heads of the Forty-Niner claystone. 
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Table 4-10. Hydraulic-Head Information for the Forty-Niner Claystone. 

HELL GROUND- DEPTH TO FLUID FRESHWATER-
SURFACE MIDDLE OF PRESSURE HEAD 

ELEVATION FCRTX-NIHER AT MIDDLE ELEVATION 
(ft amsl)" CLAYSTONE 

(ft) b 

OF CLAXSTONE 
<psiS)b 

(ft amsl) 

DOE-2 3418 675 <182e <3163 

H-3d 3389 541 120 3124 

H-14 33*5 398 <71 <3111_ 

H-16 3410 568 115 3107 

Data froo Gonzales (1S89) 
Data from Beauhalm (1987a) axeapt as notad 
Data recalculated from Saaubeim (1986) 
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1 Figure 4-10 shows the static fluid-pressure estimates for the Forty-niner claystone at H-3d, 
2 H-14, H-16, and DOE-2 converted to freshwater heads. Firm conclusions cannot be drawn from so 
3 few data, but the data are not inconsistent with an assumption of southwesterly to westerly flow 
4 towards Nash Draw. The relatively low head at H-16 may, as suggested by Beauheim (1987a), be 
5 related more to localized drainage into the WIPP shafts than to the undisturbed regional head 
6 distribution. 

7 4.2.6 Discussion of Rustler Hydraulic Heads 

8 Comparisons of hydraulic heads between different water-producing units within the Rustler 
9 are useful, as they allow evaluation of the potential directions of vertical fluid flow between the 

10 water-producing units and the effectiveness of intervening confining beds, and illustrate areal 
11 variations in the hydraulic properties of the different Rustler members. A rigorous quantitative 
12 evaluation of hydraulic-head differences between units generally requires that the heads share a 
13 common elevation datum. No meaningful elevation datum can be defined, however, when the 
14 specific gravities (densities) of the fluids in the units to be compared are different. 

15 A qualitative evaluation of the potential directions of fluid flow can be performed, however, 
16 using a procedure here described as the "equilibrium- fluid-density" approach. Static pressures at 
17 the mid-formation depth are calculated for the units of interest. By subtracting the pressure in the 
18 unit at the higher elevation from the pressure in the unit at the lower elevation, and dividing by the 
19 vertical distance separating the two units, a pressure-depth gradient can be calculated. In a system 
20 at equilibrium (i.e., no vertical hydraulic gradient), this pressure-depth gradient corresponds to the 
21 density of the fluid in the system. Thus, the calculated pressure-depth gradient can be converted to 
22 the equivalent density of the fluid that would be required to be present for the heads in the two units 
23 to be at equilibrium. If the density of this hypothetical fluid is lower than the densities of both actual 
24 fluids, the head in the upper unit is higher than the equilibrium condition and the potential flow 
25 direction is downward. If the hypothetical density is greater than that of both actual fluids, the head 
26 in the upper unit is lower than the equilibrium condition and the potential flow direction is upward. 
27 If the hypothetical density is equal to or intermediate between the densities of the actual fluids, then 
28 the hydraulic heads in the two units are very nearly at equilibrium and no qualitative conclusions 
29 about potential flow directions can be drawn. The greater the difference between the hypothetical 
30 equilibrium fluid density and the actual fluid densities, the greater the hydraulic gradient between 
31 units. 

32 4.2.6.1 HYDRAULIC-HEAD DIFFERENTIALS BETWEEN THE UNNAMED LOWER MEMBER/UPPER 
33 SALADO AND THE CULEBRA 

34 Adequate data for comparisons of the hydraulic heads in the unnamed lower member and/or 
35 Rustler-Salado contact residuum water-producing unit-with those in the Culebra are available for 12 
36 well locations. Table 4-11 presents calculations of potential flow directions between the unnamed 
37 member/upper Salado and the Culebra using the method outlined above. Regions around the WIPP 
38 site having different potential flow directions are shown areally in Figure 4-10. At wells H-2, H-16, 
39 and P-17, the hydraulic gradient between the unnamed lower member and the Culebra is upward. 
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1 Figure 4-10. Flow potentials between the Culebra dolomite and the unnamed member/upper 
2 Salado. 
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Table 4-11. Potential Flow Directions between the Culebra and Unnamed Member/Upper Salado. 

HELL DIFFERENCE DIFFERENCE PRESSURE-
IN DEPTH IN FORMATION DEPTH 
(R/S-CUL) PRESSURE GRADIENT 

(ft) (R/S-CUL) (psi/ft) 
(psi) 

EQUILIBRIUM RUSTLER/ CULEBRA 
FLUID 
DENSITY 
(g/ea3) 

FLUID 
DENSITY 

SALADO 
FLUID 
DENSITY (g/cm 3) b 

(g/cm 3)' 

POTENTIAL 
FLOW 

DIRECTION 

H-2 135 • >102.6+3.7 >0.760+0.027 >1.754+0.063 
-6.3 -0.0*7 -0.108 

1.225 .1.006 upward 

H-6 104 

H-7 128 

H-8 170 

H-16 82 

P-14 104 

P-17 143 

WIPP-25 133 

HIPP-26 80 

19.9+4.0 

46.8+2.5 

83.4+2.7 
-3.6 

89.3+1.6 

43.5+3.9 

>74.6f+? 
-0.9 

0.191+0.038 0.442+0.089 1.21 

0.366+0.020 0.844+0.045 1.048 

0.491+0.016 1.132+0.037 1.13c 

-0.021 -0.049 

1.089+0.020 2.513+0.045 ? 

0.418+0.038 0.965+0.087 

>0.522f+? >1.204'+? 
0.006 -0.015 

1.21" 

? 

>52.6+4.4 >0.395+0.033 >0.913+0.076 1.173 

1.038 downward 

0.999 downward 

1.000 

1.009 

indeterminate 

1.037 upward 

1.018 indeterminate 

1.061 upward 

downward? 

>10.8+2.3 >0.135+0.029 >0.312+0.066 1.04s 1.009 downward 
-0.4 -0.005 -0.012 

HIPP-28 136 >61.6+4.0 
-3.6 

WIPP-29 206 91.2+2.3 

WIPP-30 100 17.0+5.3 
-4.9 

>0.453+0.029 >1.045+0.068 

-0.026 -0.061 

0.443+0.011 1.022+0.026 

0.170+0.053 0.392+0.122 
-0.049 -0.113 

1.140 

1.072s 

1.202s 

1.032 indeterminate 

1.187 indeterminate 

1.018 downward 

Data from Mercer (1963) except as noted 
Data from Cauffman et al. (1990) except as noted 

C Data from Richey (1986) 
Specific-gravity value from Culebra in Air-Intake Shaft (Lyon, 1989) 

e Calculated from water analysis presented in Mercer (1983) and Figure E.l of Haug et al. (1987) 
f 3 
Based on assumed R/S fluid density of 1.000 g/cm ;-values would increase if density were higher 

s Data from Richey (1987a) 
Specific-gravity value from Randall et al. (1988) 
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1 At H-6, H-7, WIPP-26, and WIPP-30, the hydraulic gradient is downward from the Culebra to the 
2 unnamed member. 

3 This pattern of vertical hydraulic gradients is generally explainable by the presence or 
4 absence of upper Salado dissolution. The three locations mentioned above where vertical gradients 
5 are upward, H-2, H-16, and P-17, are also locations where dissolution of the upper Salado has not 
6 occurred. 

7 4.2.6.2 HYDRAULIC-HEAD DIFFERENTIALS BETWEEN THE CULEBRA AND THE MAGENTA 

8 Because no hydraulic-head data are available for the Tamarisk, potential directions of vertical 
9 fluid flow through the central members of the Rustler can only be inferred by comparing hydraulic 

10 heads in the Culebra and Magenta. Table 4-12 shows the results of calculations of potential flow 
11 directions between the Culebra and the Magenta using the equilibrium-fluid-density approach 
12 outlined in Section 4.2.6. The areal distribution of vertical flow potentials is shown in Figure 4-11. 
13 The potential direction of fluid flow between the Magenta and Culebra appears to be downward at 
14 all 16 well locations for which hydraulic-head comparisons are possible except at H-6. At H-l, H-2, 
15 H-3, H-4, H-9, H-10, H-14, and H-l6, the pressure/depth gradients between the Culebra and 
16 Magenta are negative, reflecting the fact that higher pressures are observed at the middle of the 
17 Magenta than are observed at the middle of the Culebra even though the Magenta overlies the 
18 Culebra. Strong potentials for downward flow also exist at DOE-2 and H-5, and lesser downward 
19 potentials exist at H-8, WIPP-28, and WIPP-30. Slight potentials for downward flow from the 
20 Magenta to the Culebra also appear to exist at WIPP-25 and WEPP-27, although differences between 
21 Magenta and Culebra fluid densities and the hypothetical equilibrium fluid density are small. Within 
22 the resolution of the calculations, Magenta and Culebra heads at H-6 appear to be in equilibrium. 
23 Where the Magenta is unsaturated at H-7 and WIPP-26, the Culebra head is below the base of the 
24 Magenta. 

25 4.2.6.3 HYDRAUUC-HEAD DIFFERENTIALS BETWEEN THE MAGENTA AND THE FORTY-NINER 

26 Magenta and Forty-niner claystone hydraulic heads can be compared at only four locations: 
27 DOE-2, H-3, H-14, and H-16. Table 4-13 shows calculations of potential flow directions performed 
28 using the equilibrium-fluid-density approach presented in Section 4.2.6. Despite uncertainties in 
29 actual fluid densities, the potential flow direction can be concluded to be upward from the Magenta 
30 to the Forty-niner claystone at all four locations considered. Hypothetical equilibrium fluid densities 
31 are 1.25 g/cm3 or greater at all four wells. 

32 4.3 Castile Formation 

33 Pressurized brine reservoirs have been encountered in the Castile Formation. For the 
34 purposes of non-Salado flow and transport, parameterization of both the intact Castile and a 
35 representative Castile brine reservoir is necessary. Data for these Castile parameters are discussed 
36 in detail in Reeves et al. (1991, p. 2-1 to 2-16), Popielak et al. (1983), and Mercer (1987). 
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Table 4-12. Potential Flow Directions Between the Magenta and Culebra. 

DOC-2 124 

H-l 112 

H-2 105 

HELL DIFFERENCE DIFFERENCE 
XH HERB IX FORMATION 
(COL-MAG) PRESSURE 

(ft) (OIL-HAS) 
(psi) 

>5.6+5.7 

-7.4+4.4 

-8.1+3.9 
-1.3 

-14.0+4.0 
-1.* 

-13.2+2.6 

4.9+4.2 

50.0+2.2 

37.5+1.2 
-0.3 

-10.6+2.8 
-1.1 

-37.1+8.0 

-18.2+2.8 
-1.9 

-0.5+1.2 

59.1+2.0 

50.4+1.6 

26.2+2.1 
-2.5 

H-3 

H-4 

H-5 

H-6 

H-8 

B-9 

H-10 

H-14 

111 

122 

112 

114 

124 

123 

108 

122 

H-16 110 

WIPP-25 145 

WIPP-27 120 

WIPP-28 135 

PRESSURE- EQUILIBRIUM CULEBRA MAGENTA POTENTIAL 
DEPTH FLUID FLUID FLUID FLOW 
GRADIENT DERSITy DENSITY DENSITY DIRECTION 
(pai/ft) (8/em3) (S/Cffl3)* lS/e» 3) b 

>0.045+0.046 >0.104+0.113 1.041 1.005° downward 

-0.066+0.039 __d 1.022 1.021 downward 

-0.077+0.037 __d 1.006 1.012 downward 
-0.012 

-0.126+0.036 
-0.013 

1.035 

-0.108+0.021 " 1.014 

0.044+0.038 0.101+0.087 1.102 

0.439+0.019 1.012+0.045 1.038 

0.302+0.010 0.698+0.022 1.000 
-0.002 -0.006 

-0.086+0.023 
-0.009 

-0.344+0.082 

-0.149+0.023 
-0.016 

1.000 

1.047 

1.010 

-0.005+0.011 — 1.037" 

0.408+0.014 0.941+0.032 1.009 

0.420+0.013 0.969+0.031 1.093 

0.194+0.016 0.448+0.036 1.032 
-0.019 -0.043 

WIPP-30 117 25.9+3.6 0.221+0.031 0.511+0.071 
-4.0 -0.034 -0.079 

1.018 

1.006* 

1.020f. 

1.008* 

1.003f 

1.008s 

1.171* 

? 

1.004" 

1.091 

1.048 

1.011 

* Data from Cauffman at al. (1990) azcapt as noted 
Data from Marear (1983) azcapt as notad 

e Average of Masanta fluid spseifie gravities at B-Se and B-6e (Lyon, 1989} 
Negative dansitiss not possibla; flow potential is clearly downward 

* Specific-gravity data from Randall at al. (1988) 
£ Spaclfie-gravity data from Lyon (1989) 
8 Data from Richey (1986) 
Specific-gravity value from Culebra in Air-Intaka Shaft (Lyon, 1969) 
Data from Lambert and Robinson (1984) 

downward 

downward 

downward 

indeterminate 

downward 

1.006s downward 

downward 

downward 

downward 

downward? 

downward? 

downward 

downward 
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Figure 4-11. Flow potentials between the Magenta dolomite and the Culebra dolomite. 
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Table 4-13. Potential How Directions between the Forty-Niner Claystone and Magenta. 

HELL DIFFERENCE DIFFERENCE PRESSURE- EQUILIBRIUM MAGENTA FORTY- POTENTIAL 
IN DEPTH IN FORMATION DEPTH FLUID FLUID NINER FLOW 
(MAG-49) PRESSURE GRADIENT DENSITY DENSITY FLUID DIRECTION 
(ft) (MAG-49) 

(psi) 
(psi/ft) (g/cn3) (g/cm3)" DENSITY 

(g/cm3) 

DOE-2 36 23 0.64 1.47 ? » upward 

H-3 31 25 0.81 1.86 1.006b ? upward 

H-14 38 41 1.08 2.49 •> 1 upward 

H-16 35 19 0.54 1.25 ? •> upward 

Specific gravities of Magenta fluids fzoo H-3, H-4, B-S, and H-6 range from only 1.003 to 1.018 
(Randall at al., 1988) 
Specific-gravity value from Randall at al. (1988) 
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2 Data on the Bell Canyon Formation are available from five WIPP test holes as well as from 
3 studies reported in the petroleum literature. Drillstem tests (DSTs) of the Bell Canyon were 
4 performed in boreholes AEC-7 (Mercer, 1983), AEC-8 (SNL and D'Appolonia, 1983a), ERDA-10 
5 (SNL and D'Appolonia, 1983b), DOE-2 (Mercer et al., 1987), and Cabin Baby-1 (Beauheim et al., 
6 1983). The interpreted results of the DSTs are summarized in Table 4-14. Hiss (1976) and McNeal 
7 (1965) constructed potentiometric surface maps for the upper Bell Canyon, and their data were 
8 combined with the WIPP data by Mercer (1983) to produce the potentiometric surface map shown 
9 in Figure 4-12. Mercer (1983, p. 29) reports that the Bell Canyon channel sandstones typically have 

10 porosities ranging from 20 to 28 percent and permeabilities (citing Berg, 1979) ranging from 14 to 
11 90 mD (~ 1 x 10"7 to ~9 x 10'7 m/s). The siltstones separating the sandstone channels have porosities 
12 ranging from 10 to 20 percent and permeabilities less than 0.1 mD (~ 1 x 10"9 m/s). 

13 4.5 Formations Below the Bell Canyon Formation 

14 Data on units below the Bell Canyon Formation in the vicinity of the WIPP site are sparse. 
15 The data available come from drilling and DST records compiled in the late 1970s and early 1980s. 
16 Figure 4-13 shows a stratigraphic column for the WIPP site starting at the Precambrian basement and 
17 extending to the Castile. A number of the formations shown are targets for petroleum exploration, 
18 including the Ellenburger, Silurian, Morrow, Atoka, Strawn, Bone Spring, Brushy Canyon, and Bell 
19 Canyon. According to Lambert (in Lambert and Mercer, 1978, p. IH-2), these zones, with the 
20 possible exception of the Bone Spring, "have sufficient pressure to stand fluid above the storage 
21 horizon plus porosity and permeability sufficiently large enough to allow flow rates of several 
22 hundred barrels per day." The Atoka and Strawn Formations appear to have the highest hydraulic 
23 heads and water productions of these units. Heads in the Atoka are reported between 3375 and 6552 
24 ft above sea level (for a fluid density of 1.08 g/cm3), and water production rates of 0.6 to 6 gpm at 
25 ground surface have been sustained for several years. Heads in the Strawn are reported between 
26 3350 and 6203 ft above sea level, with sustained productions of 3 to 8 gpm of water. Measured 
27 permeabilities in the Pennsylvanian formations range from 0.1 mD (-1 x 10"9 m/s) to about 50 mD 
28 (~5 x 10*7 m/s) and porosities range from 6 to 20 percent (Roswell Geological Society, 1977). With 
29 regard to the Bone Spring, Lambert (in Lambert and Mercer, 1978, p. III-3) states that "bottom-hole 
30 pressure data indicate the majority of the seven wells tested had insufficient heads to prevent 
31 downward movement of shallower water and, therefore, contamination of this zone with 
32 radionuclides could possibly occur." Thus, in the event of a borehole breach of the WIPP repository, 
33 deep units could serve either as pressure sources to drive fluids upward to strata such as the Culebra 
34 or as sinks receiving fluids from higher units. 

35 4.6 Documentation of Experimental Data and Interpretive Techniques 

36 Experimental data were collected from field hydraulic tests and field tracer tests. These test 
37 results are documented in a series of Hydrologic Data Reports (#1 through #8) (Hydro Geo Chem, 
38 1985; Intera and Hydro Geo Chem, 1985; Intera, 1986; Saulnier et al., 1987; Stensrud et al., 1987, 
39 1988a, 1988b, 1990), Basic Data Reports (e.g., Mercer et al., 1987), and USGS reports (e.g., Richey, 
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Summary of Bell Canyon DST Results 

Tested Interval Unit Hydraulic 
Hole (ft. below eround surface) Name Conductivity f ft/davl Reference 

4481-4702 Ramsey, Trap, and Olds 4x10"* Mercer (1983) Table 

AEC-7 4597-4702 Lower 37 ft. of Castile 4xl0"2 

Table Anhydrite I down 

Table 

through Olds 

:4-14. Si 4292-4393 Lamar and upper Ramsey 2x10"* 

:4-14. Si 

AEC-8 4809-4815 Lower Hays? 7x!0-J Mercer (1983) 1 4832-4848 Lower Hays? 2x10* 

2, ERDA-10 3847-3913 Lamar and Ramsey 4xW* Mercer (1983) 2, 
4114-4417 Lower Hays 5x10-' 

B
ell C

an; 4036-4089 Lamar 1x10* 

B
ell C

an; 

Cabin Baby-1 4093-4125 Ramsey 5x10 s to 2x10-* Beauheim et al. (1983) S 
4131-4163 Olds 5xl0' 5 to 2x10^ 0 
4170-4291 Hays 1x10° to 4x10 J 

D
STR

( 
D

STR
( 

4138-4180' Ramsey 2x10"* 

ssults. 

DOE-2 4177-4218* Olds IxW4 Beauheim (1986) 

ssults. 4220-43253 Hays 5x10 3 

ssults. M
on-Sal 

' Effective thickness 4144-4172 

[ado Po 

2 Effective thickness 4187-4217 S: 
'Effective thickness 4255-4325 I 
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1 Figure 4-12. Potentiometric surface of the hydrologic unit in the upper part of the Bell Canyon 
2 Formation (Delaware Mountain Group) at and near the proposed Waste Isolation 
3 Pilot Plant (WIPP) site. 
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Figure 4-13. Stratigraphic Column of Units Below the Castile Formation (from Powers et al., 
1978; after Foster, 1974). 

12/15/94 Draft 4-36 



Non-Salado Position Paper 

1 1986). Interpretation of the raw data is described in interpretive reports referenced throughout 
2 this section. 
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