3. FACILITY-SCALE GEOHYDROLOGIC STUDIES

Many facility-scale geohydrologic studies have been conducted at the INEEL in conjunction with characterization and remediation activities. These studies have provided information needed to develop facility-scale conceptual models of flow and transport. They also have provided valuable information about components of the subregional conceptual models. Subsequent subsections summarize the conceptual models of flow and transport developed at each major facility.

3.1 Test Area North

The Test Area North (TAN) facility is located in the northwestern section of the INEEL (see Figure 3-1). Several sub-areas at TAN include the Technical Support Facility (TSF), the Initial Engine Test Facility (IET), the Loss of Fluid Test Facility (LOFT), the Specific Manufacturing Capabilities Facility (SMC), and the Water Reactor Research Test Facility (WRRTF). The TSF consists primarily of facilities designed for handling, examination, storage, and research and development of spent nuclear fuel. The IET is the location of the former Aircraft Nuclear Propulsion Program (ANPP), which served to develop and test nuclear jet engines in the 1950s and 1960s. The LOFT and SMC are contiguous facilities located west of TSF, and include old buildings from the decommissioned ANPP. The LOFT is a decommissioned facility where nuclear reactor safety tests were conducted. The SMC is an active facility that manufactures components for a U.S. Department of Defense (DOD) non-nuclear weapons system. The WRRTF is located in the southeastern corner of the facility boundary and consists of two buildings that house several non-nuclear tests—mostly for simulating and testing water systems used in reactors. Potential sources for contamination at these facilities include injection wells, settling ponds and lagoons, tanks, spills, solid waste disposal sites, and burn pits.

During routine sampling of water supply wells in 1987, trichloroethene (TCE) was detected in the groundwater at TAN. Subsequent investigations delineated an extensive aqueous TCE plume at the facility. It was determined that injection of liquid and sludge wastes (both organic and radioactive) into well TSF-05 was the most probable source of TCE in the nearly 2-mi long plume (Kaminsky et al. 1994; Figure 3-2). In addition to TCE, six other contaminants of concern (COCs) were identified: tetrachloroethene (PCE); 1,2-dichloroethene (DCE); strontium-90 (Sr-90); tritium (H‑3); cesium-137 (Cs‑137); and uranium-234 (U-234).

3.1.1 Summary of TAN Site Conceptual Model

A characterization program was initiated after detection of TCE in groundwater at TAN to determine the extent of groundwater contamination. The first comprehensive approach at developing a conceptual model for TAN was the Remedial Investigation Final Report with Addenda for the Test Area North Groundwater OU 1-07B at the INEL (Kaminsky et al. 1994). The Test Area North Site Conceptual Model and Proposed Hydrogeological Studies OU 1-07B (Sorenson et al. 1996) describes the development of the original conceptual model for TAN. That effort identified data gaps in the initial conceptual model that required further field studies and numerical modeling. Subsequent documents were produced that summarized the additional work and provided updates to the conceptual model in light of the new data gathering (Bukowski and Sorenson 1998a; Bukowski et al. 1998; and Wymore et al. 2000). The purpose of this section is to provide a summary of the TAN conceptual model using information contained in the documents referenced above.

3.1.1.1 Geologic Framework
The geologic framework at TAN, including the geometry, geologic features, and stratigraphic character of the basalt flows and sedimentary units, controls flow and contaminant transport in the vadose zone and aquifer. This section describes the size, shape, and composition of the area included in the TAN conceptual model.
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Figure 3‑1.  The TAN facility in the northwestern portion of the INEEL.

The vadose zone at TAN is approximately 200 to 230 ft thick. The SRPA at TAN is estimated to be about 600 ft thick, although the upper 200 to 300 ft appears to be hydraulically isolated from deeper zones due to the presence of a low hydraulic conductivity zone (i.e., sedimentary interbed) discussed in the next section.

The stratigraphy at TAN consists of thin pahoehoe basalt flows intercalated with sedimentary interbeds that accumulated between the basalt flows during periods of eruptive hiatus. This basalt/sediment stack is mantled with surficial sediments ranging from 5 to 75 ft in thickness throughout TAN that have accumulated during the last 900,000 years of eruptive quiescence.

TAN is located between two volcanic rift zones that cross the ESRP. The Circular Butte-Kettle Butte Rift Zone lies to the north of TAN and the Lava Ridge-Hell’s Half Acre Rift Zone lies to the southwest. The presence of the rift zone to the southwest of TAN may help explain the peculiar groundwater flow direction observed at TAN, which is discussed in the next section.

Two studies of the stratigraphy at TAN were conducted by the USGS. The first study was conducted by Lanphere et al. in 1994. In this study, 21 individual basalt flows were identified in four coreholes to a depth of 1,100 ft at TAN using petrography, age determinations, and paleomagnetic properties of the core samples for correlation. In addition, Lanphere et al. (1994) used K-Ar and paleomagnetic analyses of core samples and basalt outcrop at the Circular Butte to delineate 21 subsurface basalt flows at TAN.
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Figure 3‑2.  TAN TCE plume map and water level contours (INEEL 2002).

A second study of TAN stratigraphy was conducted by Anderson and Bowers (1995). A cross sectional diagram from this work is presented in Figure 3-3. This study utilized the core data from Lanphere et al. (1994) as the basis for making correlations among 53 additional wells at TAN. The natural gamma logs (which are sensitive to the small differences in potassium content and natural-gamma emissions of basalt flows from different source areas or eruptive episodes) of these wells were used to correlate the stratigraphic units in the coreholes. A total of 22 individual basalt flows were identified in the upper 500 ft of the subsurface at TAN. In addition, several sedimentary interbeds were also identified. In all, basalt flows account for 90% and sedimentary interbeds account for 10% of the upper 500 ft of the subsurface at TAN. The individual basalt flows were assigned to ten groups based on similar age, paleomagnetic properties, and natural gamma emissions. These groups were assigned alphabetic designations beginning with LM and continuing through R based on age and position. They were named to reflect their older age with respect to flow groups A through L from the southern portion of the INEEL.

A total of 5 to 10 sedimentary units are interbedded with the basalt flow groups. Two of these were identified as major interbeds and were designated as the PQ and QR interbeds based on their position in the basalt flow group stack. The PQ interbed occurs at approximately 200 ft below land surface (bls) in the vicinity of TSF-05 and occurs in only 36 of the 60 wells that penetrate to a depth where it may be expected (Sorenson 2000). The average thickness of the PQ interbed (where encountered) is 6.1 ft. The interbed appears to dip at about 0.5 degrees, striking at 10 degrees east of south; so while it is present above the water table upgradient from TSF-05, it dips below the water table downgradient. Therefore, the PQ interbed may cause locally confining or semi-confining conditions in the aquifer at TAN, and may also act as a barrier to contaminant flow or provide sorption sites for contaminants.

The QR interbed occurs at approximately 400 ft bls in the vicinity of TSF-05 and is apparently laterally continuous. The assumption of lateral continuity is based on the fact that the interbed is present in all 29 wells that penetrate to a depth where it may be expected (Sorenson 2000). The average thickness of the QR interbed is 17 ft, which is almost three times that of the PQ interbed thickness. The QR interbed exhibits the more gentle dip of 0.15 degrees, and has a strike of about 12 degrees west of south. Analyses of chemical and pumping data from wells completed above and below the QR interbed strongly suggest that the interbed may serve as a barrier to vertical groundwater flow and associated contaminant transport. That is, TCE concentrations below the interbed are several magnitudes lower than concentrations above the interbed. Further, TAN-18, which is completed below the interbed, shows no response to pumping in nearby wells completed above the interbed.

Lanphere et al. (1994) used K-Ar dating to estimate a difference in age of approximately 600,000 years between the Q and R basalt flow groups straddling the interbed. These measurements indicate a significant hiatus of volcanic activity during which material comprising the interbed that is consistent with the observed continuity of the interbed could be deposited. The bottom boundary provided by the QR interbed limits the contaminated thickness of the aquifer to approximately 200 ft near TSF-05, and about 250 ft near the downgradient extent of the TCE plume.

3.1.1.2 Bulk Hydraulic Properties

This section discusses the primary properties of the aquifer that control groundwater flow through the system at TAN.
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Figure 3‑3.  Stratigraphy of the TAN site (adapted from Anderson and Bowers 1995).

Permeability—Permeability is the inherent ability of a medium to transmit a fluid. In general, this ability is a function of the shape and size of void spaces in the material and the viscosity of the fluid that is flowing through the material. When water is the fluid under consideration, this fluid transmission ability is termed hydraulic conductivity. Transmissivity is the rate at which groundwater flows under a unit hydraulic gradient through a unit width and the entire thickness of an aquifer. Transmissivity is calculated by multiplying hydraulic conductivity by aquifer thickness. At TAN, most studies have produced estimates of transmissivity rather than hydraulic conductivity. This report will maintain consistency with the previous studies.
Transmissivity at TAN has been estimated using a variety of techniques. Ackerman (1991) utilized data from 183 aquifer tests throughout the INEEL, which included nine wells in the TAN vicinity (all are within 1.5 mi of TSF-05). The arithmetic mean of the transmissivities for the entire INEEL data set was approximately 93,000 ft2/day, while the mode was about 60,000 ft2/day. Analysis of data from wells in the TAN vicinity showed lower than average transmissivity, the highest of which was 31,000 ft2/day. Kaminsky et al. (1994) utilized slug test data to determine the transmissivity distribution at TAN. Transmissivity estimates from these slug tests range from as little as 5 ft2/day to as much as 7,310 ft2/day. These estimates are even lower than Ackerman’s estimates for TAN area wells. This is probably due to the use of slug tests, which sample a much smaller portion of the aquifer than pumping tests. Further, specific capacities of selected wells were used in transmissivity estimations ranging from 1,755 ft2/day to 6,975 ft2/day (Sorenson et al. 1996). The results of additional single- and multiple-well pumping tests were summarized in Bukowski and Sorenson (1998b) and Bukowski et al. (1998). These results showed transmissivities ranging from about 1,000 ft2/day to 500,000 ft2/day. The high end of the range revealed that the transmissivity at TAN is not uniformly below the INEEL average.

Figure 3-4, adapted from Martian (1999) shows the calibrated hydraulic conductivity distribution at TAN for numerical modeling obtained through kriging and trending the transmissivity data for 22 wells in the area. In spite of the fact that this distribution did not include the results from Bukowski et al. (1998), those data were consistent with the distribution in Figure 3-4. Inspection of the available transmissivity data for TAN shows a distinct increasing trend in the direction of contaminant transport from TSF-05. The trend may be partially attributable to the performance of the pumping tests primarily in partially penetrating wells near TSF-05; however, transmissivity estimates from a pumping test in TAN-37, a fully penetrating well not impacted by the sludge injected into TSF-05, are also much lower than those from downgradient wells (Bukowski et al. 1998). A second potentially important observation is that all transmissivity estimates from wells south of the TCE plume are very low relative to the rest of the area (Sorenson et al. 1996; Martian 1999). While it is acknowledged that data from the five wells (TAN-20, TAN-13A, TAN-14, TAN-8, and TAN-21) are hardly sufficient to demonstrate conclusively that a low transmissivity “boundary” may be contributing to the deviation of groundwater flow in the upper portion of the plume from the regional gradient, they are consistent with that hypothesis.

Porosity—Effective porosity of the SRPA beneath TAN has not been directly measured. Rather, it has been estimated through model calibration to the tritium plume and through inverse modeling of pumping and tracer test results. On the plume scale, the effective porosity was estimated at about 3%. This value is approximately half of what has been estimated during a similar, large-scale characterization effort at the INEEL (Rodriguez et al. 1997). This lower effective porosity is most likely due to the relatively older age of the TAN basalt flows, which typically have lower effective porosities (Whitehead 1992). The inverse modeling approach has produced estimates ranging from 0.5 to 2.1% in all cases with the exception of an 8.5% value for two wells separated by only 20 ft (Bukowski et al. 1998).
[image: image5.jpg]Northing(m)

2.434-10°

2.428-10°

2.422:10°

2.416-10°

2.410-10° | 0. 15. (miday)
15.- 30, (m/day)
30.- 45, (m/day)
45,60, (myday)

2.404-10° 60.- 75, (m/day)

2.398-10° m

1.0780-10°  1.0844-10°  1.0008-10°  1.0972-10°  1.1036+10°  1.1100-10°
Easting(m)





Figure 3‑4.  Hydraulic conductivity distribution at TAN obtained through kriging and trending of transmissivity data from 22 wells (adapted from Martian 1999).

Injection of sludge wastes into TSF-05 may have significantly reduced the effective porosity of the aquifer in the vicinity of the injection well. As mentioned above, the effective porosity of the unaffected aquifer at TAN has been estimated at about 1 to 3% (Martian 1999; Bukowski et al. 1998). The effective porosity in the immediate vicinity of TSF-05 was estimated at about 0.05% based on tracer test data analysis (Bukowski and Sorenson 1998a). The sludge injection apparently produced significant reductions in effective porosity to a radial distance of about 100 ft from TSF-05 (Sorenson 2000). Figure 3-5 shows the extent of the low effective porosity zone as estimated using tracer test data and analysis of elevated gamma activity.

3.1.1.3 Inflow/Outflow

This section presents the available knowledge of sources and sinks of water in the eastern SRPA in the TAN vicinity. This discussion includes both natural and anthropogenic sources.
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Figure 3‑5.  Extent of the low effective porosity zone as estimated using tracer test data and analysis of elevated gamma activity (Sorenson 2000).

Natural Recharge/Discharge Sources—The principal source of recharge to the SRPA near TAN is from regional underflow. Figure 2-8 indicates that much of the underflow is derived from the Mud Lake area to the northeast. Some recharge may occur from tributary basin underflow. These basins include drainages along the flanks of the Beaverhead Mountains and Birch Creek drainage. However, the effect of these recharge contributions on hydrologic conditions at TAN is not well understood. Some recharge may be derived from infiltration of water along the channel of Birch Creek and diversions to the northwest of TAN. The quantity of water available for recharge is small compared to regional underflow. Recharge from direct precipitation provides a source of local recharge to the SRPA. Again, the amount of recharge derived from direct precipitation is small compared to regional underflow. Cyclical changes in water levels appear to be linked to wet and dry periods and to seasonal effects of melting snow and groundwater pumpage for irrigation. These changes range from 2 to 4 ft.
Artificial Recharge/Discharge Sources—A significant source of artificial recharge at TAN until 1972 was the TSF-05 injection well, which was drilled in 1953. TSF-05 was drilled to a depth of 305 ft and was completed with 12-in. perforated casing with a gravel pack filling the annulus between the casing and the 20-in. borehole. This well was designed for the disposal of liquid wastes and concentrated evaporator sludges generated during the operations of the various TAN facilities. The composition of the disposed liquids included organic, inorganic, and low-level radioactive wastewaters (Kaminsky et al. 1994). Wastes were disposed in TSF-05 for almost 20 years, after which wastewaters were routed to a disposal pond. The amounts of waste disposed during the operations of TSF-05 are discussed in a subsequent section.

Another injection well (TAN-53A) was drilled in the TAN vicinity. The purpose of this well is to serve as an injection point for the effluent of the New Pump and Treat Facility (NPTF). The NPTF is the selected remedy for restoration of the medial zone of the TAN TCE plume. Thus, water entering the aquifer at this well is free of contamination. 

Another artificial recharge source at TAN is the TSF-07 disposal pond (see Figure 3-2). This pond is unlined and has accepted wastewater since its construction in 1972. At present time, the disposal pond only accepts sanitary wastewater; however, contaminated water has been released in the past. Data presented in the TAN Site Conceptual Model (Sorenson et al. 1996) indicate that discharge rates to the pond ranged from 100,000 to 1,000,000 gal/month during the early to middle 1990s. Water placed in the disposal pond either evaporated or infiltrated through the pond bottom. Between 1972 and 1985, approximately 0.039 Ci of Sr-90 were discharged to the disposal pond. Perched water has been observed at the basalt-sediment interface beneath the pond and was sampled in 1990 and 1991. Sr-90 was detected in these samples in the range of 1.0 to 136.0 pCi/L (Medina 1993). The probable source of the observed perched water is the TSF-07 disposal pond.

Two production wells, TAN-01 and TAN-02, are in use at TAN. The pumps in these production wells were cycled on alternately every 6 to 24 hours at a rates of about 1,000 gpm through the 1990s. Only TAN-02 is currently in use as a water supply well for TAN. In addition, the NPTF includes a set of three extraction wells that will be operated alone or in combination with a nominal operating flowrate of 150 gpm with the capacity for processing up to 250 gpm.

3.1.1.4 Hydraulics

The regional hydraulic gradient in the TAN area has been estimated using water levels from 49 wells (Kaminsky et al. 1994). The gradient was determined to be approximately 3.5 ft/mi, with groundwater flowing to the south-southeast. Similar results based on additional water level information were reported by Bukowski and Wells (1999). The additional information included several new wells near the upgradient portion of the plume, which was consistent with the eastward flow direction in that area, as indicated by the shape of the TCE plume.

The SRPA water table at TAN is relatively flat with a local gradient of about 1 ft/mi (Kaminsky et al. 1994). The inferred direction of subregional groundwater flow in the vicinity of TAN is to the southwest (see Figure 2-8; Kaminsky et al. 1994). Water-level data from wells at TAN indicated that the local direction of groundwater flow is to the southeast. Water level contours based on recent data are illustrated in Figure 3-6. The local change in flow direction is reflected in the generally east and southeast orientation of the TCE plume. Hughes et al. (1997) postulate that the plume orientation is parallel to the general orientation of volcanic rift zones. This feature may indicate the local effect of vent corridors and associated structures on the configuration of the groundwater flow field and contaminant transport near TAN.

As implied above, the groundwater flow direction deviates sharply from the regional direction in the upgradient portion of the TAN TCE plume. Several hypotheses have been proposed to explain this aberrant behavior. Groundwater flow direction seems to be governed by at least four features: 1) the regional southerly gradient, 2) pumping at the TAN production wells, 3) recharge from the TSF-07 disposal pond, and 4) a general area of low hydraulic conductivity south of TSF-05.
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Figure 3‑6.  Water level elevations for the TAN area (INEEL 2001).

Kaminsky et al. (1994) proposed that the pumping of the water supply wells (TAN-01 and TAN‑02) at TAN, which are located to the northeast of the TCE plume, acts to pull groundwater to the east from the regional flow direction. This magnitude of pumping has an effect on water levels in the surrounding aquifer. During pumping of these wells, a typical drawdown of 2.9 in. has been observed at a distance of 1,000 ft (Sorenson et al. 1996). This results in a substantial radius of influence, which may change groundwater flow direction in the aquifer surrounding these wells. Due to the cyclic pumping schedule of the production wells and the lack of substantial drawdown near TSF-05, this explanation alone is not enough to account for the observed change in groundwater flow direction. Drawdown in the TCE source area (i.e., at wells TAN-D2, TSF-05, TAN-25, TAN-26, TAN-27, TAN-28, TAN-30A, and TAN-49) during pumping of the production wells was measurable, but never exceeded a tenth of an inch. Another objection to the production wells being the only influence on pulling groundwater flow away from the source area involves the cyclic nature of pumping at the TAN production wells. During non-pumping cycles, groundwater direction should be restored to the regional southerly trend in the absence of the production well influence. Thus, the TCE plume should have a southerly component in flow direction as well as an easterly flow due to the influence of the natural gradient during non-pumping cycles. Instead, the shape of the TCE plume indicates that there is essentially no southerly component of flow in the upgradient zone as seen in Figure 3-2.

Another factor that may affect the local gradient and groundwater flow direction is the operation of the TSF-07 disposal pond. Calculations based on simplifying assumptions have been performed that indicate a mound on the order of 2.4 in. may form at the water table due to the infiltration of wastewater from the disposal pond (Kaminsky et al. 1994). This results in a 50% increase in the local hydraulic gradient, which would then cause radial flow away from the effective area of the pond’s influence on the aquifer (i.e., footprint). In the vicinity of TSF-05, this radial flow would be towards the east. Thus, groundwater would be pushed to the east in the vicinity of the TSF-07 footprint, and would subsequently take on a southerly component outside of the area of disposal pond influence.

Image well theory (Lohman 1972) was applied to pumping test data near TSF-05 (Bukowski and Sorenson 1998b). In matching type curves to the time-drawdown data, late-time drawdown at several wells was overestimated. A possible cause of this overestimation is the presence of a recharge boundary. Image well analysis indicated that a recharge boundary lies in a position consistent with the location of the TSF‑07 disposal pond.

In order to match the shape of the tritium and TCE plumes at TAN, Martian (1999) found it necessary to include recharge mounding from the pond in his numerical model. Also included in the model was a lower permeability zone south of TSF-05. As discussed previously, there is a systematic decrease in aquifer transmissivity to the south of TSF-05 that may be associated with the Lava Ridge‑Hell’s Half Acre volcanic rift zone. The recharge and the localized low-permeability zone appeared to be necessary to achieve eastward movement of groundwater at TAN.

3.1.1.5 Groundwater Chemistry

Groundwater at TAN is enriched in calcium and bicarbonate. The chemical composition of groundwater at TAN reflects the clastic and carbonate rocks of source areas to the north and northwest.

3.1.1.6 Contaminant Transport

Information about the distribution of contaminants in SRPA water at TAN has been used to develop the present understanding about those factors that facilitate or restrict contaminant transport in the subsurface (Kaminsky et al. 1994; Sorenson et al. 1996; Martian 1999). The following sections describe the contaminant inventory, extent of contamination, and mechanisms of contaminant release and transport at TAN.

Source Term—The contaminant source term is described in the TAN Remedial Investigation Report (Kaminsky et al. 1994). The source term includes the types and amounts of contaminants believed to have been released to the subsurface. The TSF-05 injection well is the primary source of subsurface contamination (Kaminsky et al. 1994). Sorenson et al. (1996) also implicated the TSF-07 disposal pond for some radionuclide contamination reaching the aquifer. In the case of the former, the release mechanism is simply injection of contaminants directly into the aquifer, along with long-term dissolution of nonaqueous contaminants and sorption/desorption of radionuclides. The release is complicated by the presence of injected sludge, which appears to trap even aqueous contaminants such as tritium for long periods of time (Sorenson et al. 1996; Sorenson 2000). For the latter, downward migration of water pumped to the pond through the vadose zone and a perched water body have allowed contaminants to reach groundwater. The sections that follow summarize the contaminant source investigations that were conducted on six waste sites considered to be potential contributors to groundwater contamination.
TSF-05 Injection Well (TAN-330/TSF-05)—The TSF-05 injection well was drilled in 1953 to a depth of 310 ft to dispose of liquid effluent generated from the ANPP. Discharges to TSF-05 have included organic sludge, treated sanitary sewage, process wastewaters, and low-level radioactive waste streams. Historical records provide little definitive information on the types and volumes of organic wastes disposed via the injection well; however, TCE is identified as the primary COC. It is estimated that from as little as 350 gal to as much as 25,670 gal of TCE were disposed in the well during its period of operation. 
TSF Disposal Pond (TAN-736/TSF-07)—The TSF disposal pond is an unlined, diked area encompassing approximately 35 acres. The TSF-07 disposal pond, constructed in 1971, has historically received wastewater containing low-level radioactive waste, and continues to receive cold process water and treated sewage effluent under a wastewater Land Application Permit. Between 1972 and 1985, approximately 0.039 Ci of Sr-90 were disposed to the pond (Kaminsky et al. 1994). 
TSF Clarifier Pits—The three TSF clarifier pits east of TAN-604 are rectangular concrete settling basins that have a total capacity of 3,158 gal (Kaminsky et al. 1994). They are located east of TAN-604. A flow with relatively low suspended solids exited the clarifiers and ultimately entered the TSF-05 Injection Well (until 1972) or the TSF-07 Disposal Pond (after 1972). 

The pits were used for settling contaminated wastewater from the maintenance and paint shops at TAN-604 from 1957 to 1985. The suspected contaminants may have included an unknown volume of chemicals from cleaners, paint thinners, and paint strippers. The pits contain approximately 7.5 to 11 in. of cohesive sludge at the bottom with 1 to 2 in. of settled wastewater on top. Sludge samples from May 1988 and June 1989 contained acetone, methylene chloride, methyl ethyl ketone, toluene, and xylene. The TSF-11 clarifier pits were also connected to the TAN sewer plant, which is connected to the TSF-05 Injection Well and TSF-07 Disposal Pond. However, the quantity of painting and cleaning chemicals that could have actually reached the injection well or the disposal pond cannot be estimated. Large amounts of these chemicals would have been lost to bacterial degradation in the pipes and sewer plant, to volatilization in the trickling filter at the sewer plant, or in the pits themselves. 

IET Injection Well TAN-332 (IET-06)—The IET injection well was drilled to a depth of 329 ft to dispose of effluent generated at IET (Kaminsky et al. 1994). The well is located at IET, north of TSF. Although little information is available that describes the well, it is assumed that the well received process wastewater and probably sanitary sewage, as a minimum. These process wastewaters may have included acidic ion exchange regenerants, waste diesel fuels and boiler blowdown from boilers, small amounts of engine coolant or fuels from the nuclear engine tests, and possibly wastes from a photo lab.

WRRTF Injection Well (WRRTF-05)—The WRRTF injection well commenced operation in 1957 and was subsequently abandoned in 1984. The well is located south of WRRTF and is thought to have received cooling water effluent, sanitary waste, and materials from laboratories and process drains. Evidence also suggests that hydrazine from facility operations was disposed in the well. The WRRTF injection well is currently grouted and inaccessible for sampling. 

TSF Intermediate-Level Waste Disposal System (TSF-09)—This radioactive liquid water system collected, processed, and provided interim storage capacity for all intermediate-level radioactive liquid waste generated at TSF (Kaminsky et al. 1994). Drains and sumps located in areas with a high potential for contamination were piped to a waste transfer facility where radioactive waste was collected in one of three underground (10,000 gal) stainless-steel collection tanks (V-1, V-2, or V-3). From 1955 to 1972, liquid waste from the collection tanks was concentrated by an evaporator and the concentrate was transferred to long-term storage tanks. The condensate from the evaporator was then sent to the TSF-05 injection well.

In the late 1950s and early 1960s the evaporator concentrate in the bottom of the storage tanks was pumped out and sent to the injection well. It is possible that the majority of the sludge taken from the injection well during a sampling event in 1990 came from these tanks, but there is no information to confirm this assumption. In 1972, the process was modified so that the original evaporator downstream of the V-1, V-2, and V-3 tanks was removed and a new evaporator installed in the storage tank area. When filled to capacity (~20 tons), the semi-solid radioactive waste was solidified by evaporation and the container was transferred to RWMC for disposal. Distillate from the evaporator flowed to the condenser and then to a condensate storage tank. The condensate was passed through a fabrication ion‑exchange column for further removal of radioactive ions. Effluent from the ion exchanger was combined with other TSF low-level radioactive liquid waste before being discharged into the TSF disposal pond.

The TSF intermediate-level waste disposal system was designed to receive and treat waste that was too radioactively contaminated to be discharged to the TSF disposal pond. Any hazardous waste chemicals reaching this system were incidental to the processing of radioactive materials. The system potentially received corrosive materials from decontamination activities. In some instances, heavy metals (particularly mercury) were received during extensive usage periods in the late 1950s and early 1960s. Also, small quantities of potassium chromate were used in decontamination solutions from 1970 to 1974. From the 1960s to 1975, the majority of radioactive material discharged to this system was eventually disposed at the RWMC. The lesser amounts of radioactivity that were discharged in the condensate to either the TSF disposal pond or TSF-05 injection well were included in the quantities discussed earlier.

Extent of Contamination—Disposal of wastewater to injection wells and infiltration ponds at TAN has resulted in detectable concentrations of organic and radioactive contaminants in groundwater. Contamination in the vadose zone and perched water bodies at TAN is attributed to the TSF-07 disposal pond where water pumped to the pond has migrated through the vadose zone and perched water body to reach the aquifer. These waters include treated sewage consisting of process water and wastes from rest rooms, sinks, and showers. The effluent is pumped into the infiltration pond via the TAN-655 lift station and the TAN-623 Sewage Treatment Plant. The process wastewater consists of steam condensate, water and demineralizer discharges, cooling water, and air scrubber discharges among others. The water is transported directly to the lift station where it is mixed with the treated sewage wastewater before being pumped to the infiltration pond.
A perched water body has been known to exist at the sediment-basalt interface beneath the TSF-07 Disposal Pond. Samples of the perched water collected in 1990 and 1991 detected Sr-90 in the range of 1.0 to 136.0 pCi/L (Medina 1993). The data sets resulting from these sampling efforts indicate that Sr-90 from the pond has percolated through the surficial sediments to basalt and presents a strong argument that it has impacted the aquifer. The presence of Sr-90 in aquifer wells nearest the disposal pond, and an apparent local source of aquifer recharge evidenced by a local easterly gradient shift, provide corroborating evidence that TSF-07 was at least a minor source of groundwater contamination to the aquifer.

Groundwater monitoring data indicate that the SRPA underlying TAN is contaminated with volatile organic compounds (VOCs) (TCE, PCE, cis-DCE, and trans-DCE) and radionuclides (H-3, Sr-90, U-234, and Cs-137). Widespread concentrations above background have also been documented for chloride, nitrate, sulfate, and alkalinity (Wymore et al. 2000). The TCE plume presented in Figure 3-3 effectively envelopes the areas of the aquifer impacted by these contaminants. (The PCE, H-3, chloride, and sulfate plumes extend axially downgradient near WRRTF similar to that of the TCE plume, while the cis-DCE, trans-DCE, Sr-90, nitrate, and alkalinity plumes are localized around the hotspot at the TSF.) Total dissolved solids, sulfate, sodium, and coliform have also been detected in the aquifer based on groundwater monitoring conducted in accordance with the Wastewater Land Application Permit.

Mechanisms that Affect Containment Fate and Transport at TAN—The primary release mechanisms of contaminants to that portion of the SRPA underlying TAN include direct aquifer injection and associated long-term dissolution of nonaqueous contaminants and sorption/desorption of radionuclides. The release is complicated by the presence of injected organic sludge, which appears to trap even aqueous contaminants such as tritium for long periods of time (Sorenson et al. 1996; Sorenson et al. 2000a). Advective flow is the predominant contaminant transport mechanism.
Strong evidence points to the TSF-07 disposal pond as a source of Sr-90. Sr-90 from the pond has percolated through the surficial sediments and may be a source of aquifer contamination. Relatively high levels of Sr-90 observed in wells TAN-10A, TAN-27, and TAN-D2 (which are all screened in the top 50 ft of the aquifer) but not in well TAN-11 (which is in the vicinity of these wells but is screened 100 ft deep in the aquifer) is consistent with a surface source of contamination.

Organic sludge in the formation surrounding TSF-05 represents the residual source that continues to contaminate groundwater at TAN (Kaminsky et al. 1994). The association of gamma-emitters in the sludge provides a means for using existing wells to estimate the residual source distribution. Downhole natural gamma and gamma spectroscopy logs were performed to establish the distribution of these radionuclides and use them as indicators of sludge distribution (Bukowski and Sorenson 1998b). The gamma logging data show that the radioactivity extended as far as 115 ft northwest of TSF-05. The depths of the elevated gamma activity correlated with high porosity zones in all wells near TSF-05 based on seismic tomography data. These observations indicate that the layered geological structure resulted in preferential, sub-horizontal flow paths for the sludge to migrate away from the injection well. The geometry of the contaminant plume is characterized as a very large, relatively low concentration fringe that surrounds and emanates from a much smaller, high concentration core. Within the core is a very small residual source area that continued to contaminate fresh (upgradient) groundwater flowing through the hotspot prior to the beginning of remediation activities in 1996. The downgradient, dissolved phase portion of the TCE plume proceeds in an east-southeast direction from the TSF-05 source area and is nearly 2 mi in length. Evidence that natural attenuation is occurring in the distal dissolved phase portion of the plume has recently been documented (Sorenson et al. 2000a; DOE-ID 2001). Work plans are being put in place to collect additional data to verify that this process will effectively attenuate the TCE plume.

In particular, the distribution of TCE at TAN exemplifies the fringe and core hypothesis for the anatomy of chlorinated solvent plumes (Cherry 1996). A small, high-concentration core is surrounded by a much larger low-concentration fringe (see Figure 3-2 and 3-7). The residual source area surrounding TSF‑05, which serves to contaminate fresh groundwater flowing through from upgradient, has historical concentrations in excess of 10 mg/L, but only for a distance of approximately 50 ft downgradient. The residual source of contamination is believed to be composed primarily of the sludge that was injected into the well. Some of the sludge may have TCE concentrations as high as 3%. The core defined by the 1 mg/L isopleth in the figure extends approximately 1,500 ft downgradient of TSF-05 and is estimated to be about 300 ft wide. The low concentration fringe, in contrast, extends more than 1.4 mi beyond the core and is about 0.93 mi wide. The spatial scales of the residual source area, the core, and the fringe dictate the hydrogeologic scales that must be considered in the conceptual model for contaminant transport at TAN.

The TSF-05 contamination at TAN is currently impacted by ongoing remediation activities that are focused on three plume zones (i.e., the hot spot, medial zone, and distal zone). The “hot spot” zone is the area immediately surrounding the TSF-05 injection well where TCE concentrations historically exceeded 20,000 parts per billion (ppb); the “medial zone” encompasses the areas where TCE concentrations have occurred between 1,000 and 20,000 ppb; and the “distal zone” is the portion of the plume where TCE concentrations are in the range of 5 to1,000 ppb. The selected remediation strategy for the TSF-05 “hot spot” is in situ bioremediation (ISB), which involves injecting sodium lactate as an electron donor amendment into the contaminant source area to stimulate indigenous bacteria to dechlorinate contaminants in the groundwater. The downgradient, dissolved phase portion of the medial zone of the plume is being treated through air-stripping technology with the recently constructed NPTF. The distal zone remedial strategy is monitored natural attenuation (MNA), which allows for the natural reduction of volume, toxicity, and mobility of contaminants without human intervention. Ongoing groundwater remediation activities at TAN result in a dynamic conceptual model of the contaminant distribution, fate, and transport.
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Figure 3‑7.  Conceptual model cross-section at the scale of the TCE plume fringe.

Radionuclides, including Cs-137, U-234, and a few other very low concentration radionuclides present at TAN, appear to sorb very strongly to the basalt and perhaps to the sludge around TSF-05. The only well in which these radionuclides have been detected in groundwater above drinking water standards is TSF-05 (Sorenson et al. 1996). As mentioned earlier, gamma spectroscopy has indicated that minor detectable concentrations of Cs‑137 and Co-60 are present approximately 115 ft from TSF-05. Tritium, on the other hand, is not sorbed at all and is detected in nearly the same area as is TCE. Because of this, tritium makes a good conservative tracer for groundwater movement when its radioactive decay is taken into account. Sr-90 is intermediate between H-3 and the long-lived radionuclides in terms of sorption. Historically, Sr-90 has been detected as far downgradient from TSF-05 as USGS-24, but in the last several years, concentrations above the drinking water standard of 8 pCi/L have been confined to within about 600 ft of TSF-05 (Wymore et al. 2000). Because the distribution of long-lived radionuclides is so limited at TAN, and because the risk driver for TAN is TCE, no effort has been made to determine actual sorption coefficients.

In the case of Sr-90, another mechanism that may affect transport is substitution into the crystal structure of calcite. While this mechanism has not been studied extensively at TAN, an ongoing research project at the INEEL, funded by the Environmental Management Science Program, is looking to induct the process as a potential remediation strategy for Sr‑90. During enhanced ISB in the residual source area at TAN, it was noted that Sr-90 increased significantly in wells near TSF-05 along with calcium and magnesium, but that all of these cations quickly returned to baseline levels based on downgradient monitoring well data (Sorenson et al. 2000a). The significance of this mechanism is not currently well understood.

The processes affecting fate of the chlorinated ethene compounds at TAN are quite different from those for the radionuclides. Sorption is not believed to be significant for these compounds based on experiments with TCE and basalt (Ingram et al. 1998). Biological degradation, however, impacts these contaminants significantly. Prior to the start of remediation activities, it was found that the organic material in the sludge had stimulated a process known as reductive dechlorination within about 250 ft of TSF-05 (Sorenson et al. 2000a). This process allows chlorinated ethenes to be sequentially dechlorinated to ethene when the process goes to completion (Freedman and Gossett 1989); however, it was only observed to proceed as far as dichloroethene in the field. Based on the success of laboratory studies, a field evaluation to further stimulate this process was conducted and successful transformation of TCE to ethene was achieved in the field. This process has now been incorporated into the long-term remediation of the site (DOE-ID 2001).

Downgradient of the residual source area, insufficient carbon was present to drive reductive dechlorination and the system is quite oxygenated. In spite of this, it was found that concentrations of TCE were decreasing relative to those of PCE and tritium in the plume (Sorenson et al. 2000b). This rate of decrease was quantified as a pseudo-first order process yielding a half-life for TCE between 9 and 22 years, depending on the assumptions used. It was hypothesized that aerobic cometabolism of TCE is occurring in the plume in spite of the oligotrophic conditions of the aquifer. Several factors were identified that corroborate this hypothesis, including laboratory studies demonstrating that bacteria capable of the process are present in the plume, the dissolved oxygen distribution, and the relative behavior of TCE and PCE (DOE-ID 2000). Based on these findings, MNA was incorporated into the long-term remediation strategy for the dissolved contaminant plume (DOE‑ID 2001).

3.1.2 Numerical Analyses Performed to Date

Numerical analyses have been conducted to support remedial investigations at TAN, as described in the following reports:

3.1.2.1 TAN Groundwater RI/FS Contaminant Fate and Transport Modeling

As documented in Kamininsky et al. (1994), the primary focus of the numerical simulations was to obtain future groundwater concentrations in the years 2024, 2040, and 2094 to support the Baseline Risk Assessment (BRA) for the TAN groundwater operable unit (OU). Groundwater modeling of the contaminants cis-1,2-DCE, trans-1,2-DCE, TCE, tritium, and Sr-90 conservatively assumed a constant fixed mass source in the TSF-05 injection well equal to sampling results obtained in 1992. The scope of the modeling study included base-case predictions of flow and contaminant movement. In addition, the sensitivity of predicted contaminant migration to the parameters used to implement the conceptual model was obtained. The sensitivity analysis was provided to illustrate the possible range of various predicted measures of contaminant transport given the uncertainty in the input estimates of physical properties describing the flow and transport domain. The simulations were found to be relatively insensitive to dispersivity. The sensitivity study showed that the primary parameter determining the fate of COCs in the TAN groundwater system was the fixed source concentration assumed at the TSF-05 injection well.

3.1.2.2 Preliminary Numerical Modeling of TAN Hotspot

A numerical model of the area surrounding the TAN hotspot was developed to assist in characterizing the aquifer in the vicinity of TSF-05 (Bukowski and Sorenson 1998a). The objective of the modeling was to provide data for use in the design of remedial activities, treatability studies, and other hydrogeologic studies. The model was intended to satisfy previously identified data gaps including the influence of pumping wells, horizontal heterogeneity, and vertical heterogeneity.

The Sandia waste isolation flow and transport (SWIFT) computer code was used to create a six‑layer, three-dimensional, heterogeneous numerical model of the aquifer in the vicinity of well TSF-05. In order to obtain a reliable numerical tool for decision making, it was necessary to calibrate the model to reflect actual site conditions. Inverse modeling of three pumping tests has been used to perform the calibration. The three pumping tests included the first 2 hours of the continuous operations test conducted in April 1996, which included the pumping of TSF-05 only, the TAN-31 pumping test conducted in 1995, and the TAN-25 pumping test conducted in 1996. The calibration parameters for this model included porosity (which varies spatially) and the three-dimensional distribution of both horizontal and vertical hydraulic conductivity. 

Inverse modeling of three different aquifer tests in the vicinity of TSF-05 was conducted in order to calibrate the hydraulic conductivity distribution and porosity within the model. Each aquifer test produced a conductivity distribution that provided a fit to the observed data, meeting the calibration target. For purposes of predictive modeling, it is desirable to have a single distribution that adequately captures all available data. The distribution obtained from the TAN-25 test inverse modeling was the best of the three at simulating all aquifer tests; however, it was not satisfactory at reproducing the results observed in the TAN-31 test. One explanation for this is that the aquifer responds differently to stress depending on where the stress is located because of the network of interflow zones and fractures. Another factor that plays a significant role is the non-unique nature of inverse modeling. While it might be possible with time to find a distribution that reconciles the results of the two tests, it is not practical. For this reason, both the TAN-25 hydraulic conductivity distribution and the TAN-31 distribution were retained for predictive modeling.

3.1.2.3 Numerical Modeling Support of the Natural Attenuation Field Evaluation

The modeling work documented in Martian (1999) was performed to assess the mechanisms of natural attenuation (dispersion, sorption, and biodegradation). The petroleum engineering/geothermal simulator TETRAD was used to develop a numerical model for supporting the MNA remedial alternative. Tritium disposal and aquifer concentration records were used to calibrate model dispersivity and porosity. Because no TCE disposal history exists, the TCE source term was calibrated to current TCE concentrations by separating the TCE source term into two parts representing an initial and residual rate. This was performed to simulate the operational period of the well (initial rate) and the continuing source of TCE to the aquifer from dissolution, desorption, and diffusion of TCE from the sludge surround the TSF-05 injection well. The TCE calibration revealed that the overall extent of the TCE plume could be matched either with or without including first-order degradation of TCE depending on the magnitude of the source term used. Without TCE degradation, a much larger residual source was required to achieve the observed TCE plume extent, resulting in high, predicted concentrations of TCE in the upgradient portion of the dissolved plume. When TCE degradation was included, however, a large initial source was used with a much smaller residual source to achieve the overall plume extent. A case with a TCE degradation half-life of 11 years provided a much better match to the observed TCE distribution within the plume than the case with no TCE degradation.

Sensitivity studies for both the tritium transport and TCE source term calibration were performed. The tritium transport calibration was most sensitive to the volume of water co-injected with the waste in the TSF-05 injection well. The TCE source term calibration was most sensitive to the distribution of the initial source term. Both calibrated TCE simulations suggest that the TCE plume near TSF is receding or reaching a steady-state condition while the plume near WRRTF will continue to grow and concentrations will increase slowly over the next few decades.

A series of predictive simulations were also performed with the calibrated model to quantify the portion of the current TCE plume that must undergo remediation in order to meet the MCL after 100 years of advection, dispersion, and degradation. The results of these simulations indicate that advection and dispersion alone would only act as a remedial option for portions of the plume less than approximately 50 (g/L. However, if the half-life of TCE in the aerobic portion of the plume is 20 years or less, natural attenuation is a viable alternative for remediating the entire dissolved-phase portion of the TCE plume. As described above, a half-life for TCE of 11 years provided a good fit to the observed data.

3.1.2.4 TAN OU 1-07B ISB Groundwater Model Development and Initial Performance Simulation

As described in Arnett (2002), distribution of the electron donor was observed during ISB field evaluation phase to be a critical parameter for effectively implementing ISB at the OU 1-07B hot spot. Virtually all locations that received an adequate supply of the electron donor showed complete dechlorination of chloroethenes to ethane. Electron donor distribution using chemical oxygen demand (COD) as a surrogate was therefore selected as a single parameter that could be numerically modeled for various injection scenarios to predict the resulting extent of anaerobic reductive dechlorination (ARD) in the aquifer. 

The purpose of this modeling effort was to develop a groundwater model capable of adequately simulating the transport and distribution of injected electron donor within the OU 1-07B hotspot and to apply the model to assist in the design of an optimum injection strategy. The overall hotspot remediation strategy is to distribute the electron donor throughout the residual source area. The model was used to test two injection scenarios to assist in determining the most cost-effective remediation strategy. The scenario evaluation suggests that injecting a more dilute, almost double volume lactate solution would result in a donor distribution similar to that resulting from higher lactate concentrations in previous injections. Injection into two widely separate wells provides a better distribution of the electron donor across the hotspot than injection into well TSF-05 alone. 

3.1.2.5 NPTF Performance Simulation

A groundwater flow model was constructed to assess the effectiveness of the NPTF in capturing the medial zone of a TCE groundwater plume at the INEEL TAN facility (Whitmire and Bates 2002). The groundwater flow model was constructed using the MODFLOW 1996 code in the DOD groundwater modeling system environment. Several simulations were run, including steady‑state ambient and steady‑state pumping flow field scenarios. 
Groundwater altitude data, representative of long-term local trends and hydraulic conductivity information, were used to determine parameters of the ambient and pumping flow field simulations. Observations of the drawdown in wells surrounding the extraction wells during several pre-startup test pumping scenarios were compared with model drawdown predictions to calibrate the flow model and to evaluate the size of the groundwater capture zones induced by the pumping wells. The magnitude and distribution of hydraulic conductivity was adjusted until simulated and observed heads adequately matched.

Particle tracking was performed using the GMS/MODPATH package for a variety of scenarios, including single and multiple pumping wells. The model will be used as a tool to estimate the size of groundwater capture zones during the operation of the pump-and-treat system. The model can further be used for system optimization to evaluate the potential effectiveness of future extraction/injection scenarios without the need to actually conduct pumping tests.

3.1.3 Summary of Key Conceptual Model Elements

As described in previous sections, a substantial amount of characterization work has been completed at this site. The following information summarizes some of the key elements of the site conceptual model:

· The transmissivity of the aquifer in the vicinity of TAN appears to be lower than much of the INEEL, mostly ranging from a few hundred or less to about 31,000 ft2/day. Values as high as 500,000 ft2/day have been measured, however, indicating that transmissivity is not uniformly less than the INEEL average.

· The regional hydraulic gradient is southerly and relatively flat at about 0.0002 ft/ft. Near TSF, however, an easterly gradient has been measured consistent with initial eastward migration of the contaminant plume. East of TSF, flow turns toward the south, consistent with the regional gradient.

· At least four factors have been identified that may contribute to the flow direction near TSF, but the relative significance of each has not been determined. These four factors include the regional, southerly gradient; the influence of the production wells, TAN-01 and TAN-02; recharge from the TSF‑07 disposal pond; and a potential low permeability zone to the south of TSF.

· Two sedimentary interbeds appear to be very important. The QR interbed appears to be laterally continuous, isolating the upper 200 to 300 ft of the aquifer from the deeper aquifer. The PQ interbed is discontinuous, but has large enough continuous areas to cause locally confining conditions, and possibly impact contaminant transport.

· The effective porosity based on several analyses appears to be in the range of 1 to 3% in most of the area, but has been substantially reduced in the vicinity of TSF-05 due to the injected sludge.

· The groundwater velocity appears to increase from about 0.16 ft/day near TSF-05 to about 0.5 ft/day for most of the area.

· Dispersivity values on the order of 10 ft have been sufficient to match observed contaminant distributions.

· The primary source of contamination is the TSF-05 injection well. The sludge still remaining in the vicinity of the well acts as an ongoing, secondary source of contamination.

· Sorption has severely limited the transport of all radionuclides except tritium, which has the shortest half-life and is present only in concentrations below the drinking water standard.

· Anaerobic biodegradation is an important process impacting the fate of VOCs near TSF-05, but the downgradient aquifer is quite aerobic. TCE degradation appears to be occurring even in the aerobic aquifer and has been attributed to a cometabolic process, but further work is needed to demonstrate the occurrence of the process directly.

3.1.4 References

Ackerman, D.J., 1991, Transmissivity of the Snake River Plain Aquifer at the Idaho National Engineering Laboratory, Idaho, U.S. Geological Survey Water-Resource Investigations Report 91‑4058.

Anderson, S.R., and B. Bowers, 1995, Stratigraphy of the Unsaturated Zone and Uppermost Part of the Snake River Plain Aquifer at Test Area North, Idaho National Engineering Laboratory, Idaho, U.S. Geological Survey Water-Resources Investigations Report 95-4130.

Arnett, R, 2002, Test Area North Operable Unit 1-07B In Situ Bioremediation Groundwater Model Development and Initial Performance Simulation, INEEL/EXT-02-00560, Idaho National Engineering and Environmental Laboratory, Idaho Falls, Idaho.

Bukowski, J.M., and R.P Wells, 1999, Fiscal Year 1998 Groundwater Monitoring Annual Report Test Area North Operable Unit 1-07B, INEEL/EXT-99-00011, Prepared for the U.S. Department of Energy Idaho Operations Office.

Bukowski, J.M., and K.S. Sorenson, 1998a, Site Conceptual Model: 1996 Activities, Data Analysis, and Interpretation – Test Area North Operable Unit 1-07B, INEL/EXT-97-00556, Prepared for the U.S. Department of Energy Idaho Operations Office.

Bukowski, J.M., and K.S. Sorenson, 1998b, Well Characterization and Evaluation Report Supporting Functional and Operational Requirements for the New Pump and Treat Facility at Test Area North Operable Unit 1-07B, INEEL/EXT-97-01356, Prepared for the U.S. Department of Energy Idaho Operations Office.

Bukowski, J.M., H. Bullock, and E.R. Neher, 1998, Site Conceptual Model: 1997 Activities, Data Analysis, and Interpretation for Test Area North, Operable Unit 1-07B, INEEL/EXT-98-00575, Prepared for the U.S. Department of Energy Idaho Operations Office.

Cherry, J.A., 1996, “Conceptual Models for Chlorinated Solvent Plumes and Their Relevance for Intrinsic Remediation,” In: Symposium on Natural Attenuation of Chlorinated Organics in Ground Water, Office of Research and Development, U.S. Environmental Protection Agency, Washington, D.C., EPA/540/R-96/509, pp. 29-30.

DOE-ID, 2000, Field Demonstration Report, Test Area North Final Groundwater Remediation, Operable Unit 1-07B, DOE/ID-10718, U.S. Department of Energy Idaho Operations Office, Idaho Falls, Idaho.

DOE-ID, 2001, Record of Decision Amendment for the Technical Support Facility Injection Well (TSF‑05) and Surrounding Groundwater Contamination (TSF-23) and Miscellaneous No Action Sites Final Remedial Action, DOE/ID-10139, Revision 0, U.S. Department of Energy Idaho Operations Office, Idaho Falls, Idaho.

Freedman, D.L., and J.M. Gossett, 1989, “Biological Reductive Dechlorination of Tetrachloroethylene and Trichloroethylene to Ethylene Under Methanogenic Conditions,” Applied Environmental Microbiology, Vol. 55, pp. 2,144-2,151.

Hughes, S.S., J.L. Casper, and D.J. Geist, 1997, “Potential Influence of Volcanic Constructs on Hydrogeology Beneath Test Area North, Idaho National Engineering and Environmental Laboratory, Idaho,” Proceedings, 32nd Symposium, Engineering, Geology, and Geotechnical Engineering.

INEEL, April 2002, Phase C Groundwater Monitoring Plan, Test Area North Operable Unit 1-07B, INEEL/EXT-99-00021, Revision 1, Idaho National Engineering and Environmental Laboratory, Idaho Falls, Idaho.

INEEL, September 2001, Fiscal Year 2000 Groundwater Monitoring Annual Report Test Area North, Operable Unit 1-07B, INEEL/EXT-01-00767, Revision 0, Idaho National Engineering and Environmental Laboratory, Idaho Falls, Idaho.

Ingram, J.C., G.S. Groenewold, M.M. Cortez, D.L. Bates, M.O. McCurry, S.C. Ringwald, and J.E. Pemberton, 1998, “Surface Chemistry of Basalt and Related Minerals,” In: Proceedings of the 46th American Society for Mass Spectrometry Conference, pp. 1167, May 31-June 4, Orlando, Florida.

Kaminski, J.F., K.N. Keck, A.L. Schafer-Perini, C.F. Hersley, R.P. Smith, G.J. Stormberg, and A.H. Wylie, 1994, Remedial Investigation Final Report with Addenda for the Test Area North Groundwater Operable Unit 1-07B at the Idaho National Engineering Laboratory, EGG‑ER‑10643, Idaho National Engineering and Environmental Laboratory, Idaho Falls, Idaho.
Lanphere, M.A., M.A. Kuntz, and D.E. Champion, 1994, Petrography, Age, and Paleomagnetism of Basaltic Lava Flows in Coreholes at Test Area North (TAN), Idaho National Engineering Laboratory, U.S. Geological Survey Open-File Report 94-686.

Lohman, S.W., 1972, “Ground-water Hydraulics,” Professional Paper 708, U.S. Geological Survey.

Martian, P., 1999, Numerical Modeling Support of the Natural Attenuation Field Evaluation for Trichloroethene at the Test Area North, Operable Unit 1-07B, Idaho National Engineering and Environmental Laboratory, INEEL/EXT-97-01284, Lockheed Martin Idaho Technologies Company, Idaho Falls, Idaho.

Medina, S.M, 1993, Evaluation of Historical and Analytical Data on the TAN TSF-07 Disposal Pond, Prepared for the U.S. Department of Energy Idaho Operations Office, EGG-ERD-10422.

Rodriguez, R.R, A.L. Shafer, J.M. McCarthy, P. Martian, C.E. Burns, D.E. Raunig, N.A. Burch, and R.L. Vanhorn, 1997, Comprehensive RI/FS for the ICPP OU 3-13 at the INEEL RI/BRA Report, DOE-ID-10534, Revision 0, Prepared for the U.S. Department of Energy Idaho Operations Office.

Schafer-Perini, A.L., 1993, Test Area North Groundwater Remedial Investigation/Feasibility Study Contaminant Fate and Transport Modeling Results, ER WAG 1-21, Idaho National Engineering and Environmental Laboratory, EG&G Idaho, Inc., Idaho Falls, Idaho.

Sorenson, K.S., 2000, Intrinsic and Enhanced In Situ Biodegradation of Trichloroethene in a Deep, Fractured Basalt Aquifer, Ph.D. Dissertation, University of Idaho.

Sorenson, K.S., J.P. Martin, and H. Bullock, 2000a, Field Evaluation Report of Enhanced In Situ Bioremediation, Test Area North, Operable Unit 1-07B, INEEL/EXT-2000-00258, Rev. 0, Idaho National Engineering and Environmental Laboratory, Idaho Falls, Idaho.

Sorenson, K.S., L.N. Peterson, R.E. Hinchee, and R.L. Ely, 2000b, “An Evaluation of Aerobic Trichloroethene Attenuation Using First-Order Rate Estimation,” Bioremediation Journal, 4(4):337-357.

Sorenson, K. S., Jr., A. H. Wylie, and T. R. Wood, 1996, Test Area North Site Conceptual Model and Proposed Hydrogeologic Studies Operable Unit 1-07B, INEL-96/0105, Revision 0, Idaho National Engineering and Environmental Laboratory, Idaho Falls, Idaho.

Sorenson, K.S., and P. Schwind, 1996, Preliminary Numerical Modeling Results for the TAN Hotspot, J.D. Dustin Letter Report, 25:01:081-96, Parsons Engineering Science, Inc., Idaho Falls, Idaho.

Whitehead, R.L, 1992, Geohydrologic Framework of the Snake River Plain Regional Aquifer System, Idaho and Eastern Oregon, U.S. Geological Survey Professional Paper 1408-B, 32 pp.

Whitmire, D.L., and D.L. Bates, 2002, Development and Calibration of a Steady-State Groundwater Flow Model for Capture Zone Evaluation, New Pump and Treat Facility, Test Area North, Operable Unit 1-07B, INEEL/EXT-02-00661, Rev. 0, Idaho National Engineering and Environmental Laboratory, North Wind Environmental Inc., Idaho Falls, Idaho.

Wymore, R.A., J.M. Bukowski, and K.S. Sorenson, Jr., 2000, Site Conceptual Model:  1998 and 1999 Activities, Data Analysis, and Interpretation for Test Area North Operable Unit 1-07B, INEEL/EXT-2000-00188, Revision 0, Idaho National Engineering and Environmental Laboratory, Idaho Falls, Idaho.

3.2 Test Reactor Area

The TRA, built in the 1950s, is located in the south-central portion of the INEEL in the relatively flat-lying Big Lost River flood plain (see Figure 3-8). The primary mission for TRA has been to house high neutron flux nuclear reactors and to test the effects of radiation on materials, fuels, and equipment. Currently, the only active reactor at TRA is the Advanced Test Reactor (ATR; 1967-present). In the past, TRA has housed the Materials Test Reactor (MTR; 1952-1970) and the Engineering Test Reactor (ETR; 1957-1982).

The purpose of this section is to provide a summary of the conceptual model for groundwater flow and contaminant transport at TRA. No original hydrogeologic interpretations are presented in this section; rather, only the technical components that contribute to the development of the site conceptual model are presented. In addition, an index of TRA hydrogeologic investigations is provided. The conceptual model is discussed in general terms in Section 3.2.2, followed by detailed discussions of hydrologic information in subsequent sections. Factors affecting contaminant transport are presented in Section 3.2.2.7, which, although it is not an exhaustive discussion of contaminant transport, presents several of the key factors currently under investigation. A history and comparison of the numerical models developed for this facility is presented in Section 3.2.3. Finally, a brief discussion of ongoing conceptual model competing hypotheses is found in Section 3.2.4.

3.2.1 Background

Past and current research activities at TRA have produced chemical and radioactive wastes that underwent extraction and treatment, but still contained low levels of radioactivity and chemical solutions that required disposal. Liquid wastes were initially segregated into two streams. One waste stream was composed of sanitary waste and the other contained a mixture of low-level radioactive and chemical wastes. Subsequent segregation of wastes has taken place over the years. In the past, these wastes were disposed at various locations at TRA including the disposal well, the Warm Waste Pond (WWP), the Cold Waste Pond (CWP), the Chemical Waste Pond (CP), the Sewage Leach Pond (SLP), and the Retention Basin. Several releases of hazardous and radiological constituents have been associated with miscellaneous spills and leaking underground storage tanks (LUSTs).

In 1991, TRA facilities were designated as WAG 2 under the FFA/CO. This agreement established the procedural framework and schedule for CERCLA, RCRA, and Hazardous Waste Management Act (HWMA) response actions. The 1991 FFA/CO designated TRA into 13 OUs to be addressed through the CERCLA process. A total of 51 potential release sites comprise the 13 action OUs and one “no action” OU, in addition to including a waste-water injection well, wastewater structures and settling ponds, LUSTs, rubble piles, cooling towers, french drains, and numerous spills. Contaminants of potential concern (COPCs) at TRA include petroleum products, acids, bases, polychlorinated biphenyls (PCBs), heavy metals, and radionuclides. 

Numerous geohydrologic studies have been conducted in conjunction with remediation activities at TRA. Other studies have been conducted as part of the site-wide characterization of flow and transport. These studies have provided understanding of the elements of the conceptual model at TRA. The Department of Energy-Idaho Operations Office (DOE-ID) conducted a comprehensive Remedial Investigation/Feasibility Study (RI/FS) in accordance with the FFA/CO (Burns et al. 1997). The purpose of the remedial investigation was to merge all previous TRA investigations and thoroughly investigate sites not yet assessed in order to provide an accurate evaluation of the overall risk posed by the site. The objectives of the RI/FS included identification and resolution of remaining data gaps, determination of 
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Figure 3‑8.  The TRA is located in the south-central portion of the INEEL.

the nature and extent of contamination, determination of site-specific transport properties through review of past activities and additional field studies, determination of current and future cumulative and comprehensive risk to human health and the environment, to develop and evaluate candidate remediation technologies, and to develop and evaluate appropriate remedial alternatives based on the nine CERCLA criteria. The first four objectives were addressed in the RI/BRA sections of the RI/FS, while the latter two were addressed in the feasibility study sections of the RI/FS (Burns et al. 1997).

3.2.2 Summary of the Present TRA Conceptual Site Model

The present conceptual model of groundwater flow and transport at TRA is based on years of study, culminating in the RI/FS (Burns et al. 1997). In general, the geohydrologic framework at TRA is comprised of a complex intermingling of pahoehoe basalt flows and sedimentary deposits. Several sources of contamination exist at TRA, including a wastewater injection well, several disposal ponds, various spills, leaking pipes, and storage tanks. The following sections summarize the components of the conceptual model, including the geologic framework, hydraulic properties, sources of recharge and discharge, the hydraulics of the resultant flow field, chemistry of groundwater, and contaminant transport.

3.2.2.1 Geologic Framework

The basalts and sediments that comprise the thick vadose zone and SRPA beneath TRA provide the geologic framework within which water and contaminants move in the subsurface. This geologic framework is defined by its geometry, stratigraphy, and structure.

TRA is located about 8 mi east of the Lost River Range promontory. The land surface at TRA is gently sloped to the southwest and is relatively flat, with elevations ranging from 4,945 ft on top of a rubble pile in the CWP to 4,908 ft at the bottom of the CP. The area within the double security fence at TRA is about 1,700 ( 1,900 ft (approximately 70 acres). In total, the area of concern in regards to contamination associated with TRA encompasses approximately 100 acres. The vadose zone at TRA is approximately 450 ft thick. The thickness of the SRPA, in the context of contamination migrating at TRA, is assumed to be approximately 250 ft thick.

TRA is located on the thick deposits of alluvial gravels associated with the relatively flat floodplain of the Big Lost River. This floodplain overlies the eastern Snake River basalt plain (Greeley 1982), formed by eruption of basalts from low shield volcanoes and vents. Overlapping flows and intercalated sedimentary deposits produced the complex stratigraphy underlying TRA. Geologic features adjacent to TRA include a series of volcanic rift zones, rhyolite domes, and other eruptive features (Anderson 1991). The Arco volcanic rift zone extends southeast across the southwestern part of the INEEL. The axial volcanic rift zone extends southwest across the southeastern part of the INEEL. The Lava Ridge volcanic rift zone extends southeast across the northern part of the INEEL. A series of rhyolite domes occur to the south. The AEC Butte is an eruptive feature in the TRA vicinity that was the source for an areally extensive, thick basalt unit. Due to the flat-lying character of the basalts and associated sedimentary units, it was concluded that no tectonic activity occurred in the immediate vicinity of TRA.

3.2.2.2 Stratigraphy/Lithology

The stratigraphy at TRA consists of a complex stack of pahoehoe basalt flows intercalated with sedimentary deposits above a rhyolitic basement. The upper portion of the basalt-sediment stack is capped with a thick section of surficial alluvial/fluvial deposits. The surficial alluvial deposits are unconsolidated coarse-grained sediments laid down by the fluvial action of the nearby Big Lost River. These deposits (chiefly sands and gravels) rest atop an undulating, massive basalt flow group; hence, the thickness of these deposits varies throughout the area. The lower portion of the surficial deposits appears consists of finer grained sediments that apparently collected in depressions in the basalt flows. In general, the thickness ranges from about 32 ft in the northwest section of the site to about 55 ft to the south of TRA, with a mean thickness of 49 ft (Anderson 1991). 

Beneath the surficial alluvium at TRA lies a thick sequence of basalt flows and sedimentary interbeds. The basalt stratigraphy at TRA has been determined by thorough evaluation of cores and cuttings, and by correlation of geophysical logs from over 70 wells completed in the eastern SRPA (see Figure 3-9). A total of 17 basalt flow groups were identified, along with at least 8 sedimentary interbeds. These flow groups were designated BC through I, based on relative age. The basalt flows increase in thickness and decrease in hydraulic conductivity with depth. This decrease can be partially attributed to decreased interflow rubble zones and to mineralization within fractures and other porous regions of the flows. The uppermost collection of basalt flow groups is about 160 ft thick, where the basalt flows are interrupted by a 50-ft thick sedimentary interbed, which acts as a barrier to groundwater flow. Another significant sedimentary interbed is encountered in well USGS-65 at about 500 ft bls and may play a large part in explaining the anomalously high chromium concentrations. The sequence of basalt flows and sedimentary deposits continues to 2,000 to 3,000 ft bls.

At least eight sedimentary interbeds have been identified at TRA. However, this discussion will focus on delineating those that have the greatest effect on contaminant transport at the facility. The only sedimentary interbed that has a significant presence and impact on movement of fluids in the subsurface occurs above the DE-4 basalt flow group at an approximate depth of 140 to 200 ft. The thickness of the sedimentary interbed is approximately 60 ft. This interbed has been encountered in 14 of 17 wells that were drilled in the area.
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Figure 3‑9.  Stratigraphy of the vadose zone and upper SRPA at TRA (from Orr 1999).

3.2.2.3 Bulk Hydraulic Properties

The hydraulic properties of surficial sediments, basalts, and sedimentary interbeds at the TRA control the distribution of flow and contaminants in the vadose zone and SRPA. These properties (i.e., transmissivity and storage coefficient) define the capability of saturated and unsaturated rocks to transmit and store water. The vadose zone is approximately 450 ft thick at TRA. Hydraulic properties of the thick, surficial sediments, sedimentary interbeds, and basalt flows of the vadose zone have been determined from aquifer-test data and laboratory analyses.

Surficial Sediments—The upper portion of the unsaturated zone at TRA consists primarily of coarse‑grained fluvial deposits laid down by the Big Lost River. A total of 65 surficial alluvial samples were analyzed for grain size distribution. The mean percent weight of gravel fraction (>4.75 mm in diameter) was 49.2%, the sand fraction (0.075 to 4.74 mm in diameter) was 42.3%, and silt-clay fraction (0.005 to 0.074 mm in diameter) was 8.51%. The thickness of these deposits ranges from about 32 to 55 ft. The deposits are thickest to the south of TRA and are thinner in the northwest. Finer-grained deposits collected in basalt depressions at the base of the alluvium. The alluvial gravels underlying TRA are very permeable, and the ability to store and transmit surface water to the subsurface within TRA is influenced by anthropogenic features such as buildings and tanks, roads, impermeable liners, and ditches. These features may serve to amplify infiltration rates by locally concentrating runoff and reducing evaporation. The total porosity for these sediments ranged from 15 to 45.4% and gravimetric water contents ranged from 2.1 to 32.6%. Hydraulic conductivity measurements ranged from 1.28 ( 10-5 to 59.5 ft/day (Doornbos et al. 1991). Robertson (1977) reported values of hydraulic conductivity ranging from 0.13 to 1,340 ft/day.
Vadose Zone Interbed Sediments—Core samples were collected from the basalt-interbed sequence at 140 to 200 ft bls at TRA (Doornbos et al. 1991). Grain size analysis of 28 core samples indicated a mean bulk clay content of 21.36%, a mean silt content of 38.6%, a sand content of 37.7%, and a gravel content of 0.9%. Clay content ranged from 2.2 to 55.6%, silt content ranged from 5.8 to 69.2%, sand content ranged from 0.9 to 87.5%, and gravel ranged from 0 to 10.1%. Total porosities for these sediments ranged from 20.4 to 54.8%. Laboratory-measured hydraulic conductivity measurements ranged from 4.82 ( 10-5 to 3.97 ft/day. Field-scale hydraulic conductivity measurements ranged from 5.18 ( 10-3 to 17.3 ft/day. 
Bartholomay et al. (1989) tabulated the bulk mineralogy of interbed sediments from areas throughout the INEEL. In this report, a total of 105 samples were examined and determinations of bulk percentage of clay-sized fractions were made. Clay content ranged from 0 to 70%, with a median of about 25%. A total of 60 samples from interbeds exceeding 100 ft in depth were also examined. The bulk clay content for these samples averaged 20 and 50% very fine to fine-grained sand. Based on this grain-size analysis, hydraulic conductivity values ranging from 6.7 ( 10-4 to 40 ft/day were estimated (Todd 1980). Laboratory measurements of hydraulic conductivity for RWMC interbed sediments ranged from 3 ( 10-5 to 20 ft/day (McElroy and Hubbell 1990). Given the large percentage of fine-grained sediments in the interbeds, the range given by McElroy and Hubbell (1990) is probably the most accurate for the thick section of interbed sediments at TRA. Laboratory determinations of effective porosity of 11 interbed sediment core samples ranged from 34.2 to 51.4% (McElroy and Hubbell 1990).

Vadose Zone Basalt Flows—The basalt flows, comprising the majority of the vadose zone and the upper portions of the SRPA beneath TRA, make up a complex system of fractured and massive basalt flows with large ranges of hydraulic properties. The basalt-flow permeabilities are controlled by widely varying lithology (e.g., fractures, interflow rubble and pyroclastic zones, weathered zones, vesicularity, and massive zones) within a particular flow. The vadose zone (and upper aquifer) permeabilities are controlled by the spatially changing lithologic characteristics for a given basalt flow and by the extent of basalt flows and interbeds.

Hydraulic conductivity of vadose zone basalt flows was initially approximated by Robertson (1977) at 10 ft/day. Since then, several single well pumping tests have been performed in the TRA area in order to determine hydraulic conductivity for these basalt units. Hydraulic conductivity estimates for wells completed in the BC flow group in the TRA vicinity ranged from about 5 to 790 ft/day, with a median of 24 ft/day (Ackerman 1991). Aquifer tests in two wells (69 and 62) completed in the DE1 flow group were also performed. A value of 0.11 ft/day was estimated for well 69, while 88 ft/day was estimated for well 62 (Ackerman 1991). 

SRPA—Transmissivity for the SRPA beneath TRA is estimated at about 2.1 ( 106 ft2/day (Walton 1958). Assuming a thickness of the aquifer in the TRA area of 250 ft, the hydraulic conductivity is about 8,550 ft/day. The effective porosity of the basalts is a measure of the interconnected pore spaces consisting of interflow rubble zones, fractures, and interconnected vesicles. The effective porosity of basalts at the INEEL as estimated by previous researchers ranges from as little as 0.05 to 23%, with 10% being the most accepted value (Robertson et al. 1974; Bishop 1991; Knutson et al. 1990; Garabedian 1992; and Ackerman 1995).
3.2.2.4 Inflow/Outflow

Natural recharge to the SRPA at the TRA occurs from regional underflow, episodic infiltration of stream flow, and local precipitation. Artificial recharge occurs from disposal of TRA wastewater, application of lawn irrigation, and accidental leaks. Discharge from the aquifer at the TRA takes place as pumpage withdrawals.

Underflow in the SRPA—Water in the SRPA that passed beneath TRA from the northeast is assumed to be consistent with WAG-10 underflow estimates from the transmissivity and hydraulic gradient. No estimates of underflow are given in the RI/FS (Burns et al. 1997).

Episodic Recharge—Periodic flows in the channel of the Big Lost River southeast of TRA are associated with years of increased snowpack in the mountainous drainage areas to the west. Much of this water infiltrates along the stream channel. The volume of this source of episodic recharge can be significant during wet years. The channel of the Big Lost River is about 4,500 ft from the southeast corner of the TRA fenceline, and about 4,100 ft from the southeast corner of the 1964 cell of the WWP.
Perched water has been observed in the vadose zone adjacent to the Big Lost River during episodic flow. The extent and volume of these perched-water zones are not well known. However, during periods of flow, water levels in perched-zone wells (USGS-62 and USGS-71) near TRA rise abruptly (Robertson et al. 1974). Water table elevations in these wells were observed to rise and fall sharply in short time frames (a total of 7 months) with fluctuations exceeding 10 ft in both the rising and falling water table elevation scenarios (Barraclough et al. 1967). These fluctuations were attributed to recharge from unusually high flows in the Big Lost River. Tritium concentrations in USGS-62 did not decrease significantly in this timeframe, as would be expected if a large slug of water with no added tritium entered the perched water zone. Thus, recharge from the Big Lost River may cause perched water levels to rise (Barraclough et al. 1967). 

Recharge from Wastewater Disposal—Liquid wastes have been generated at TRA during scientific and engineering research since 1952. The wastewater streams have always been separated into two types: sanitary and non-sanitary. The sanitary sewage has always been disposed to dedicated sewage lagoons. Non-sanitary waste streams are products of the following: 

· Cooling tower blowdown

· Drains from reactors and fuel storage cells

· Wash water from vent scrubbers

· Drains from laboratories

· Drains from hot cells

· Drains from the heat exchanger building

· Drains from the process water building.

Disposal systems for non‑sanitary liquid waste streams include the WWP, the CWP, the CP, and the TRA disposal well. The amounts of wastewaters disposed in each of the locations mentioned above are listed in Table 3-1.

TRA Disposal Well—The TRA disposal well (see Figure 3-9) is located in the southeast corner of the facility. The disposal well was drilled to a depth of 1,271 ft and was perforated at three intervals: 512 to 697 ft bls, 930 to 1,070 ft bls, and 1,182 to 1,267 ft bls (Morris et al. 1965). During perforation of the 930 to 1,070 ft interval, the casing was severed at a depth of 1,005 ft. The well began accepting wastewater in November of 1964. Fluid discharge to the well averaged 216 million gal/yr, with a total estimate of about 3,900 million gal injected into the well (Hull 1989). The well was taken out of service in 1982 and capped. The former TRA disposal well is now used to monitor water levels and water quality of the SRPA beneath TRA.

Well USGS-53—USGS-53 (See Figure 3-9) is located in the southeast corner of TRA, near the WWP. This well is completed at 90 ft bls in the deep-perched water zone. Morris et al. (1964) report that this well was used for wastewater disposal from November 1960 to January 1962, from June 1963 to August 1963, and from November 1963 to September 1964. Based on an estimated injection rate of 1.48 ( 105 gal/day, the total volume of wastewater injected into this well is calculated to be about 2.2 ( 108 gal.

Warm Waste Ponds—The WWP (see Figure 3-9) are unlined infiltration structures that were designed to accept radioactive liquid wastes. However, for a period of 10 years (1952 to 1962) all non-sanitary wastewaters were disposed in the WWP, after which wastewater from the demineralization plant was rerouted to the CP. By 1964, only radioactive wastewaters were accepted at the WWP (Hull 1989). The WWP originally consisted of one cell that had bottom dimensions of 150 ( 250 ft, 2:1 side slopes, and a depth of 15 ft. Decreasing infiltration capacity of the original cell from the buildup of chemical precipitates and algae led to the excavation of second and third disposal cells. The second cell was excavated in 1957 and had bottom dimensions of 125 ( 230 ft, 2:1 side slopes, and a depth of 15 ft. The third cell was excavated in 1964 and had bottom dimensions of 250 ( 400 ft, 2:1 side slopes, and a depth of 6 ft. The total capacity of all three cells is about 2.1 million ft3 (Hull 1989). Until 1979, an average of 24 million ft3/yr of wastewater was disposed of in the WWP, after which, the annual average dropped to about 4 million ft3. The WWP was decommissioned in 1993 and radioactive wastewater was diverted to lined evaporation ponds.

Table 3‑1.  Known or estimated amounts of wastewaters disposed at the TRA from 1952-1994 (modified from Orr 1999).

	Year
	Warm Waste Ponda
	Cold Waste Ponda
	Chemical Waste Ponda
	Sewage Leach Ponda
	TRA Disposal Wella
	USGS-53a

	1952
	0.67
	0
	0
	1.32
	0
	0

	1953
	2.01
	0
	0
	1.32
	0
	0

	1954
	12.7
	0
	0
	1.32
	0
	0

	1955
	13.1
	0
	0
	1.32
	0
	0

	1956
	12.57
	0
	0
	1.32
	0
	0

	1957
	13.77
	0
	0
	1.32
	0
	0

	1958
	33.29
	0
	0
	1.32
	0
	0

	1959
	26.74
	0
	0
	1.32
	0
	0

	1960
	29.55
	0
	0
	1.32
	0
	1.19

	1961
	31.42
	0
	0
	1.32
	0
	7.12

	1962
	37.83
	0
	5.6
	1.32
	0
	0.59

	1963
	27.01
	0
	5.6
	1.32
	0
	2.97

	1964
	22.99
	0
	5.6
	1.32
	0
	5.34

	1965
	19.39
	0
	5.6
	1.32
	12.03
	0

	1966
	17.51
	0
	5.6
	1.32
	12.03
	0

	1967
	24.2
	0
	5.6
	1.32
	12.03
	0

	1968
	25.13
	0
	5.6
	1.32
	12.97
	0

	1969
	35.56
	0
	5.6
	1.32
	20.05
	0

	1970
	37.57
	0
	5.6
	1.32
	26.60
	0

	1971
	29.28
	0
	6.13
	1.24
	18.18
	0

	1972
	29.01
	0
	9.73
	1.37
	17.25
	0

	1973
	35.96
	0
	4.2
	1.25
	27.94
	0

	1974
	32.89
	0
	4.19
	1.1
	49.87
	0

	1975
	29.41
	0
	3.45
	1
	45.86
	0

	1976
	29.41
	0
	3.54
	1.1
	61.10
	0

	1977
	19.65
	0
	2.89
	1.24
	51.07
	0

	1978
	16.71
	0
	2.79
	1.26
	36.23
	0

	1979
	9.76
	0
	2.34
	1.17
	35.16
	0

	1980
	7.89
	0
	1.56
	1.09
	44.52
	0

	1981
	7.35
	0
	1.26
	0.77
	32.62
	0


	Year
	Warm Waste Ponda
	Cold Waste Ponda
	Chemical Waste Ponda
	Sewage Leach Ponda
	TRA Disposal Wella
	USGS-53a

	1982
	6.86
	26.52
	1.19
	0.68
	4.95
	0

	1983
	3.54
	32.14
	0.89
	0.82
	0
	0

	1984
	2.14
	33.24
	0.78
	0.81
	0
	0

	1985
	2.74
	29.73
	0.8
	0.96
	0
	0

	1986
	3.34
	36.43
	0.86
	1.13
	0
	0

	1987
	2.53
	23.85
	0.73
	0.91
	0
	0

	1988
	2.45
	30
	0.56
	0.99
	0
	0

	1989
	2.58
	39.3
	1.03
	1.09
	0
	0

	1990
	2.5
	34
	1
	1.15
	0
	0

	1991
	3.49
	25.57
	1.15
	1.75
	0
	0

	1992
	3.1
	19.17
	1.14
	1.68
	0
	0

	1993
	1.94
	33.42
	0.86
	1.81
	0
	0

	1994
	0
	28.57
	0.81
	4.46
	0
	0

	Total Waste Water Disposed
	707.54
	391.94
	104.28
	55.91
	520.45
	17.21

	Annual Average
	16.85
	30.15
	3.16
	1.30
	28.91
	3.44

	a.  Discharge in units of cubic feet ( 106


Retention Basin—The Retention Basin was designed to hold radioactive effluent for a sufficient time to allow for the natural decay of short-lived radionuclides (Doornbos 1991). A secondary purpose for the basin was to serve as a holding area for cooling water from the reactor should it have been necessary to quickly drain it. The basin is a concrete structure 130 ( 43 ft with a depth of 20 ft. The basin is divided into two chambers, each designed to hold 360,000 gal. The basin has been known to leak since the early 1970s, although is not known when the leak began (Hull 1989). The leakage rate is also unknown, but is estimated to be greater than 30 gal/min.

Cold Waste Pond—The CWP (see Figure 3-9) is located about 350 ft south of the WWP, and became operational in 1982 as an alternative disposal system to the injection well. The pond is unlined and is comprised of two cells, each 150 ( 400 ft. The pond is used to dispose of cooling water from blowdown during reactor operations. During 12 years of operation (1982 through 1994), an average of 30 million ft3/yr of wastewater was disposed to the CWP (Orr 1999).

Chemical Waste Pond—The CP (see Figure 3-9) has been in operations since 1962. This unlined disposal unit is 170 ( 170 ft and has 1:1 side slopes. This pond is used to dispose of water from ion exchange columns and water softeners. During the years 1962 through 1994, an average of 3.2 million ft3 of wastewater was disposed to the CP (Orr 1999).

Sewage Leach Ponds—The SLPs were constructed to accept all sanitary wastewaters generated at TRA. The southern cell, constructed in 1950, is unlined and is approximately 185 ( 45 ft. The northern cell, constructed in 1965, is also unlined and is approximately 185 ( 30 ft. Through 1994, a total of 56 million ft3 of wastewater was disposed to these cells, for an average of about 1.3 million ft3/yr (Orr 1999). These cells were replaced with lined units in 1995.

Recharge from Precipitation—Infiltration of local precipitation may augment recharge to perched water bodies. Long-term average precipitation at the INEEL is 8.7 in./yr. Although pan evaporation losses greatly exceed average precipitation, water from snowmelt or heavy rains may infiltrate to a depth where it cannot be evaporated, particularly where runoff is focused by pavement and drainage ditches. Miller et al. (1990) estimates net recharge from precipitation to range from 1 to 4 in./yr, with a best estimate to be 1.6 in./yr. Assuming a net infiltration rate of 1.6 in./yr and the area available for recharge at TRA to be approximately 3.2 million ft2, approximately 3 million gal of water may be available for recharge annually from local precipitation.
Aquifer Discharge to Production Wells—Three production wells are in use at TRA. These wells are located in the northeast corner of the facility. From 1971 to 1990, an annual average of about 870 million gal of groundwater was pumped from TRA production wells (Doornbos et al. 1991).
3.2.2.5 Hydraulics

The hydraulics of flow and transport at the TRA are defined by the integration of conceptual model components. System hydraulics include characterization of flow and transport in the vadose zone and within the SRPA. The SRPA is assumed to respond regionally as an unconfined aquifer. However, due to the layered character of the basalts and interbed sediments, groundwater flow may be locally confined or partially confined. The flow field within the aquifer is defined by the hydraulic gradient, direction of flow, and flow velocity. Groundwater flow direction in the vicinity of TRA is consistent with regional trends. The gradient in the vicinity of TRA is less, averaging 1.9 ft/mi (Doornbos et al. 1991). Groundwater flow velocity at TRA has been calculated using Darcy’s law. Based on an average transmissivity of 2.2 ( 106 gpd/ft, an aquifer thickness of 250 ft, an effective porosity of 10%, and a hydraulic gradient of 1.9 ft/mi, the average groundwater flow velocity at TRA was approximated to be 4.3 ft/day (Doornbos et al. 1991). 
The vadose zone beneath TRA is approximately 450 ft thick. Water from surface or shallow subsurface recharge moves vertically through the vadose zone as unsaturated flow in fractured basalts without vertical permeability contrasts, and vertically and horizontally as saturated flow within perched water bodies. Perched water bodies form when the downward movement of infiltrating water is impeded by horizons of relatively low vertical hydraulic conductivity. Two perched water bodies have been identified at TRA. The primary source of the perched water at TRA is the historical discharge of wastewater to the various disposal ponds at the facility (i.e., WWP, CWP, CP, SLP, and Retention Basin). The upper perched water zone occurs in the immediate vicinity of the ponds and Retention Basin at the contact between the surficial sediments and the underlying basalt flows of the BC group at about 50 ft bls. The deep perched water zone that exists at about 150 bls is attributed to the disposal of wastewater to infiltration ponds and the reduced vertical hydraulic conductivity of a collection of interbed sediments and basalt flows encountered at that depth. In 1991, the altitude of the perched water table surface ranged from 4,706 to 4,861 ft above mean sea level (MSL), the depth ranged from about 59 to 214 ft bls, and the deep perched water body covered an estimated 6,000 ( 3,000-ft area (Doornbos et al. 1991). The maximum saturated thickness was about 150 ft. Given a porosity of 10%, the volume of deep perched water was calculated to be about 1.4 ( 108 ft3 in March 1991.

3.2.2.6 Groundwater Chemistry

The composition of the groundwater beneath TRA is a result of the natural geochemical interactions between the aquifer matrix and the additions of chemically dissimilar disposal waters. Groundwater at TRA has been classified as calcium-bicarbonate type, which is indicative of recharge from the clastic and carbonate sedimentary rocks to the north and northwest (Robertson et al. 1974). Regions of increased specific conductance in groundwater beneath TRA have been identified and are attributed to the addition of sodium, chloride, nitrate, and sulfate to the SRPA from wastewater disposal practices at TRA. The primary sources of these salts are ion exchange columns and water softeners (Hull 1989).

3.2.2.7 Contaminant Transport
Radioactive and chemical contaminants have been released to the subsurface at TRA since the early 1950s. Migration of these contaminants depends on the source, transport through the vadose zone, and transport through the aquifer. Migration of these contaminants has resulted in detectable concentrations in the aquifer and in perched groundwater bodies. The following sections briefly describe the contaminant source term, transport mechanisms, and distribution of contaminants in the subsurface.
Source Term—Radioactive and chemical contaminants have been contained in wastewater disposed at the TRA. In the past, contaminants have entered the vadose zone and SRPA at the TRA through several unlined percolation ponds, disposal wells, and various spills and leaks. This section will describe the source term inventory, release mechanisms, and release rates.

Contaminants released to the subsurface since the early 1950s have included radionuclides, inorganic chemicals, and organic chemicals. However, the primary COCs at TRA are hexavalent chromium (Cr6+) and tritium (H-3), due to the fact that these contaminants were the only ones found to exceed any Federal Primary Drinking Water Standard (Doornbos et al. 1991). Other radionuclides and chemicals disposed of at TRA include strontium-90 (Sr-90), cesium-137 (Cs-137), cobalt-60 (Co-60), Chromium‑51 (Cr-51), sodium (Na), chloride (Cl), and sulfate (SO42-).

During 1952 through 1993, about 10,500 Ci of tritium, 93 Ci of Sr-90, and 138 Ci of Cs-137 were disposed to the WWP. Approximately 2,390 Ci of Cr-51 were disposed to the WWP during 1979 through 1998. Approximately 442 Ci of Co-60 was disposed to the WWP during 1952 through 1988. During 1952 to 1964, approximately 24,000 lb of Cr6+ was disposed to the WWP. Subsequently, an estimated 31,000 lb of Cr6+ was injected into the SRPA during 1965 through 1972, when the use of chromates as a corrosion inhibitor was discontinued (Hull 1989). In addition, inorganic chemicals were disposed to TRA ponds. Approximately 173,000 lb of sodium was disposed to the CP during 1996 through 1998. Approximately 3,600 lb of chloride was discharged into the CWP at the TRA during 1996 through 1998. Approximately 833,000 lb of sulfate was discharged to the CP and CWP at the TRA during 1996 through 1998. 

Contaminant migration is controlled, in part, by the point and mechanism of release. Contaminant release in the vadose zone delays the arrival of contaminants at the water table. More reactive contaminants may be temporarily or permanently attached to sites within the vadose zone. Methods of introduction of contaminants in to the vadose zone and aquifer at TRA include unlined disposal ponds, disposal wells, and various accidental leaks and spills. The amount of water released at each of these sites is described in previous sections and is listed in Table 3-2.

Extent of Contamination and Contaminant Inventory—Contaminant concentrations have been monitored in water from perched groundwater bodies and in the SRPA. Subsequent sections describe the distribution, extent, and inventory of selected contaminants in water from the vadose zone and the aquifer beneath the TRA. A network of monitoring wells was utilized to analyze water from the shallow and deep perched water zones beneath the TRA and the underlying SRPA. Samples from these wells were analyzed for the constituents in the following sections in order to delineate the extent of perched and groundwater contamination at the TRA (Bartholomay and Tucker 2000).
Tritium (H-3)—Samples from nine wells completed in the shallow perched zone at TRA were all below reporting limits in 1998. During the same year, samples from wells completed in the deep perched water zone range from below reporting limits to as much as 116 +/- 4 pCi/L (Bartholomay and Tucker 2000). The distribution of tritium in the deep perched water zone in 1998 is illustrated in Figure 3-10 (Bartholomay and Tucker 2000, p 12). Factors affecting the distribution of H-3 in perched water at TRA include proximity to radioactive waste disposal ponds, depth of water below the ponds, variable tritium disposal rates, radioactive decay of tritium, and dilution effects of the CP and Big Lost River recharge.

Groundwater in the SRPA has also been impacted by tritium disposal at TRA. Figure 3-11 (Bartholomay et al. 2000) depicts the distribution of tritium in the SRPA beneath the TRA. This map is based on groundwater data collected in 1998 (Bartholomay et al. 2000).

Strontium-90 (Sr-90)—Concentrations of Sr-90 were variable in wells completed in the deep perched zone in 1998 with values ranging from below reporting limits to as much as 59 +/-2 pCi/L (Bartholomay and Tucker 2000). The distribution of Sr-90 in the deep perched water at the TRA is depicted in Figure 3‑12 (Bartholomay et al. 2000). Sr-90 is not present above reporting limits in the SRPA at the TRA (Bartholomay et al. 2000). The absence of an Sr-90 plume at TRA can be attributed to the fact that Sr-90 was only discharged at the surface in disposal ponds and was sorbed onto sediments in the vadose zone and therefore could not reach the SRPA.
Cesium-137 (Cs-137)—Only one well (TRA A-77) completed in the shallow perched zone yielded concentrations exceeding the reporting limit for Cs-137 during 1996 through 1998 (Bartholomay and Tucker 2000). The values ranged from 1,200 +/-110 pCi/L in 1997 to 42,300 +/-1,800 pCi/L in 1996. Reduced disposal rates and the sorption of Cs-137 to soil particles are the most probable causes of the general lack of detections of Cs-137 in perched water at the TRA. No Cs-137 was detected in the SRPA at TRA in 1996 through 1998 (Bartholomay et al. 2000).
Chromium-51 (Cr-51)—Cr-51 was not detected in any perched water wells at the TRA during 1996 through 1998 (Bartholomay and Tucker 2000). The absence of Cr-51 in the perched water at TRA is most likely due to the decreased disposal rates and the relatively short half-life of Cr-51 (27.7 days). No Cr-51 was detected in the SRPA at TRA in 1996 through 1998 (Bartholomay et al. 2000).
Cobalt-60 (Co-60)—During 1996 through 1998, Co-60 was detected above reporting limits in only two wells at the TRA (Bartholomay and Tucker 2000). Concentrations in TRA A-77 ranged from 
7,700 +/-260 pCi/L in October 1996 to 13,900 +/-500 pCi/L in April 1996. Co-60 was measured at 220 +/-30 pCi/L in USGS-56 in April 1997. The limited presence of Co-60 in the perched water at the TRA is most likely due to proximity to the former leaking Retention Basin and the presence of a large amount of suspended sediment in the water samples collected (Bartholomay and Tucker 2000). No Co-60 was detected in the SRPA at TRA in 1996 through 1998 (Bartholomay et al. 2000).
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Figure 3‑10.  Tritium concentrations in the deep perched water zone at TRA, 1998 (from Bartholomay and Tucker 2000).
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Figure 3‑11.  Tritium concentrations in water in the SRPA, 1998 (from Bartholomay et al. 2000).
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Figure 3‑12.  Strontium-90 concentrations in the deep perched water zone at TRA, 1998 (from Bartholomay and Tucker 2000).

Hexavalent Chromium (Cr6+)—In 1998, Cr6+ was detected in deep perched water wells at concentrations ranging from less than 14 to 98 (g/L (Bartholomay and Tucker 2000). The distribution of Cr6+ in the deep perched water at the TRA is depicted in Figure 3-13 (Bartholomay and Tucker 2000). Only one sample collected during 1996 through 1998 was above the MCL of 100 (g/L for total Cr  (Bartholomay et al. 2000). The concentration in USGS-65 (located to the south of the TRA) was reported at 168 (g/L. Other samples contained less than 14 to as much as 26 (g/L during October 1998.
Sodium—Sodium concentrations ranged from 7.6 to 20 mg/L in the shallow perched water at the TRA during 1996 through 1998 (Bartholomay and Tucker 2000). Samples from the deep perched water zone ranged from 6.1 to 1,000 mg/L in sodium concentration during the same time period. Sodium was detected above background at only one well completed in the SRPA at the TRA (Bartholomay et al. 2000). The concentration of sodium in the MTR test well was reported at 42 mg/L in 1998.

Chloride—Chloride concentrations ranged from 9.3 to 27 mg/L in the shallow perched water at the TRA during 1996 through 1998 (Bartholomay and Tucker 2000). Samples from the deep perched water zone ranged from 3.1 to 43 mg/L in sodium concentrations during the same time period. Chloride in USGS-65 was reported at 18 mg/L, while all other samples from wells completed in the SRPA at the TRA were below 15 mg/L in chloride concentration.

Sulfate—A maximum of 340 mg/L of sulfate was reported for the shallow perched water zone at TRA (Bartholomay and Tucker 2000). Concentrations of sulfate in wells completed in the deep perched water zone at the TRA ranged from 92 to 276 mg/L in 1998. The distribution of dissolved sulfate in the deep perched water zone at the TRA is depicted in Figure 3-14 (Bartholomay and Tucker 2000). Water collected in 1998 from two wells completed in the SRPA at the TRA contained dissolved sulfate above background levels. The values were reported at 54 mg/L for MTR test well and 147 mg/L for USGS-65 (Bartholomay et al. 2000).
Transport Mechanisms—Those mechanisms, considered to be important for the transport of contaminants in the vadose zone at TRA, include radioactive decay, sorption, rate of infiltration from different sources of recharge, and effective porosity. Mechanisms that control transport in the aquifer include radioactive decay, sorption, groundwater dispersivity, effective porosity, and the velocity of flow. Transport of contaminants from spills that were contained in surficial sediments is facilitated by water for release to the deeper subsurface from those soils. Water may originate from facility irrigation, piping losses, and shallow infiltration from percolation ponds.
3.2.3 Numerical Analyses Performed to Date at TRA

3.2.3.1 Robertson (1977)

Robertson (1977) modeled contaminant transport from surface source areas to the SRPA beneath the TRA. The purpose of the model was to gain a better understanding of contaminant distribution beneath the TRA disposal ponds, including a better quantitative understanding of hydraulic and chemical controls on movement of contaminants in the subsurface. The model was used to estimate future migration of contaminants in the subsurface and evaluate the potential effects on the SRPA. The model concluded that the only contaminant reaching the SRPA was tritium. The general result of the model was that only contaminants with low sorbing potential and relatively long half-lives would reach the SRPA. Non-radioactive chemicals (e.g., sodium, and chloride) were predicted to reach the aquifer, which is also consistent with what was observed in the aquifer at that time. The model predicted that, other than tritium, no other radioactive contaminants should reach the aquifer in the future.
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Figure 3‑13.  Chromium concentrations in the deep perched water zone at TRA, 1998 (Bartholomay and Tucker 2000).
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Figure 3‑14.  Sulfate concentrations in the deep perched water zone at TRA, 1998 (Bartholomay and Tucker 2000).

3.2.3.2 Burns et al. (1997)

GWSCREEN was used to assess the effect on groundwater from release of selected contaminants at the TRA for use in the BRA (Burns et al. 1997). The results of the GWSCREEN run indicate that contaminants present in the soil at the TRA pose no threat the to the SRPA.

3.2.3.3 Orr (1999)

Orr (1999) developed a transient numerical simulation of flow through the perched water system at the TRA and to refine the estimates of the hydraulic properties that control the presence and movement of water through these zones. The model utilized a block-centered approach with 4 layers, each representing areas of distinct hydraulic properties (i.e., basalt and interbed units) in the vadose zone beneath the TRA. The model calibration results were in adequate agreement with the observed hydrologic conditions at the site. A simulation was run in the model to evaluate the effect of the cessation of recharge in 1994. The simulation indicated that all layers would drain in 4 years in the absence of recharge.

3.2.4 Summary of Competing Hypotheses and Additional Data Requirements

Most aquifer wells at the TRA are completed in the upper portion of the SRPA. The vertical distribution of contaminants at depth in the aquifer is not well understood. Deeper wells in the SRPA at TRA are needed in order to better evaluate the vertical distribution of contaminants in the aquifer.

Perched water has been observed in the vadose zone adjacent to the Big Lost River during episodic flow. The extent and volume of these perched-water zones are not well known. Thus, more work needs to be performed in order to better our understanding of the influence of flux from the Big Lost River on the perched water system at the TRA. 

3.2.5 References Cited

Ackerman, D.J., 1995, Analysis of Steady-State Flow and Advective Transport in the Eastern Snake River Plain Aquifer System, Idaho, U.S. Geological Survey Water-Resources Investigations Report 94-4257 (DOE/ID-22120), U.S. Geological Survey.

Ackerman, D.J., 1991, Transmissivity of Perched Aquifers at the Idaho National Engineering Laboratory, Idaho, U.S. Geological Survey Water-Resources Investigations Report 91-4114 (-22099).

Anderson, S.R., 1991, Stratigraphy of the Unsaturated Zone and Uppermost Part of the Snake River Plain Aquifer at the Idaho Chemical Processing Plant and Test Reactor Area, Idaho National Engineering Laboratory, Idaho, USGS Water-Resources Investigations Report 91-4010 (DOE-ID‑22095), U.S. Geological Survey.

Barraclough, J.T. et al., 1967, Hydrology of the National Reactor Testing Station, Idaho, 1966, U.S. Geological Survey Open-File Report, Waste Disposal and Processing TID-4500, IDO-22049, U.S. Geological Survey.
Bartholomay, R.C., and B.J. Tucker, 2000, Distribution of Selected Radiochemical and Chemical Constituents in Perched Ground Water, Idaho National Engineering and Environmental Laboratory, Idaho, 1996-98, U.S. Geological Survey Water-Resources Investigations Report 00-4222 (-22168), U.S. Geological Survey.
Bartholomay, R.C., B.J. Tucker, L.C. Davis, and M.R. Greene, 2000, Hydrologic Conditions and Distribution of Selected Constituents in Water, Snake River Plain Aquifer, Idaho National Engineering and Environmental Laboratory, Idaho, 1996 through 1998, U.S. Geological Survey Water-Resources Investigations Report 00-4192 (-22167), U.S. Geological Survey.
Bartholomay, R.C., B.J. Tucker, D.J. Ackerman, and M.J. Liszewski, 1997, Hydrologic Conditions and Distribution of Selected Radiochemical and Chemical Constituents in Water, Snake River Plain Aquifer, Idaho National Engineering Laboratory, Idaho, 1992 through 1995; U.S. Geological Survey Water-Resources Investigations Report 97-4086 (-22137), U.S. Geological Survey.
Bartholomay, R.C., L.L. Knobel, and L.C. Davis, 1989, Mineralogy and Grain Size of Surficial Sediment from the Big Lost River Drainage and Vicinity, with Chemical and Physical Characteristics of Geologic Materials from Selected Sites at the Idaho National Engineering Laboratory, Idaho, U.S. Geological Survey Open-File Report 89-384 (DOE/ID-22081).

Bishop, C.W., August 1991, Abbreviated Sampling and Analysis Plan Test Reactor Area Perched Water Zone Testing to Determine Aquifer Properties, EGG-WM-9718, Idaho National Engineering and Environmental Laboratory, EG&G, Idaho, Idaho Falls, Idaho.

Burns, D.E., K.M. Davis, S.C. Flynn, J.F. Keck, N.L. Hampton, A.H. Owen, and R.L. Van Horn, February 1997, Comprehensive Remedial Investigation/Feasibility Study for the Test Reactor Area Operable Unit 2-13 at the Idaho National Engineering and Environmental Laboratory, Lockheed Idaho Technologies Company, DOE/ID-10531, Revision 0, U.S. Department of Idaho Operations Office Idaho Operations Office, Idaho Falls, Idaho.

Doornbos, M.H., et al., August 1991, Environmental Characterization Report for the Test Reactor Area, Volumes I and II, EGG-WM-9690, Rev. 0, Idaho National Engineering and Environmental Laboratory, EG&G Idaho, Idaho Falls, Idaho.

Garabedian, S.P., 1992, Hydrology and Digital Simulation of the Regional Aquifer System, Eastern Snake River Plain, Idaho, U.S. Geological Survey Professional Paper 1408-F, U.S. Geological Survey.
Greeley, R., 1982, “The Style and Basaltic Volcanism in the Eastern Snake River Plain, Idaho,” Cenozoic Geology of Idaho, ed. B. Bonnichsen and R. M. Breckenridge, Idaho Bureau of Mines and Geology, Bulletin 26.

Hull, L.C., October 1989, Conceptual Model and Description of the Affected Environment for the TRA Warm Waste Pond (Waste Management Unit TRA-03), EG&G Idaho, Inc., Informal Report EGG-ER-8644, Idaho National Engineering and Environmental Laboratory, EG&G Idaho, Idaho Falls, Idaho.

Kaminsky, J.F., K.N. Keck, A.L. Schafer-Perini, C.F. Hersley, R.P. Smith, F.J. Stormberg, and A.H. Wylie, 1994, Remedial Investigation Final Report with Addenda for the Test Area North Groundwater Operable Unit 1-07B at the Idaho National Engineering Laboratory, Volume 1, Idaho Falls, Idaho, EG&G Idaho, Inc. Report EGG-ER-10643, variously paged (available from U.S. Department of Energy, Idaho Operations Office, 785 DOE Place, Idaho Falls, Idaho 83401-1562).

Knutson, C.F., et al., 1990, FY 89 Report: RWMC Vadose Zone Basalt Characterization, Prepared for the U.S. Department of Energy Idaho Operations Office, Informal Report EGG-WM-8949, Idaho National Engineering and Environmental Laboratory, EG&G Idaho, Idaho Falls, Idaho.

McElroy, D., and J. Hubbell, 1990, Hydrologic and Physical Properties of Sediments at the Radioactive Waste Management Complex, Idaho National Engineering Laboratory, EG&G Idaho, Inc., Informal Report EGG-BG-9147, Idaho National Engineering and Environmental Laboratory.

Miller, S.M., J.E. Hammel, and. L.F. Hall, 1990, Characterization of Soil Cover and Estimation of Water Infiltration at Central Facilities Area II, Idaho National Engineering Laboratory, Research Technical Completion Report for Contract C85-110544, University of Idaho.

Morris, D.A., J.T. Barraclough, G.H. Chase, W.E. Teasdale, and R.G. Jensen, 1965, Hydrology of Subsurface Waste Disposal, National Reactor Testing Station, Idaho, Annual Progress Report, 1964, U.S. Geological Survey, IDO-22047-USG, U.S. Geological Survey.

Morris, D.A., et al., 1964, Hydrology of Subsurface Waste Disposal, National Reactor Testing Station, Idaho, Annual Progress Report, IDO-22046-USGS, U.S. Geological Survey.

Orr, B.R., 1999, A Transient Numerical Simulation of Perched Ground-Water Flow at the Test Reactor Area, Idaho National Engineering and Environmental Laboratory, Idaho, 1952-94, U.S. Geological Survey Water-Resources Investigations Report 99-4277, U.S. Geological Survey.

Robertson, J.B., 1977, Numerical Modeling of Subsurface Radioactive Solute Transport from Waste‑Seepage Ponds at the Idaho National Engineering Laboratory, U.S. Geological Survey Open‑File Report 76-717, IDO-22057, U.S. Geological Survey.
Robertson, J.B., R. Schoen, and J.T. Barraclough, 1974, The influence of liquid waste disposal on the geochemistry of water at the National Reactor Testing Station, Idaho, U.S. Geological Survey Open-File Report, IDO-22053, U.S. Geological Survey.
Todd, D.K., 1960, Groundwater Hydrology, 2nd ed., John Wiley & Sons.

Walton, W.C., 1958, Analysis of Aquifer Tests at the National Reactor Testing Station, Idaho, 1949‑1957, U.S. Geological Survey, IDO-22034, U.S. Geological Survey.

3.3 Idaho Nuclear Technology and Engineering Center

The INTEC is located in the south-central part of the INEEL on the relatively flat floodplain adjacent to the Big Lost River (see Figure 3-15). INTEC facilities were constructed in the early 1950s, primarily to reprocess spent nuclear fuel rods and to stabilize high-level liquid wastes through calcinization. Presently, the INTEC mission is to safely store spent nuclear fuel and prepare it for shipment to an offsite repository, to develop technology to safely treat high-level and liquid radioactive waste that resulted from past spent-fuel reprocessing activities, and to remediate past environmental releases. 

This chapter summarizes the current conceptual model of groundwater flow and contaminant transport at INTEC. It also serves as an index to previous investigations and sources of hydrologic information. This section does not present any original hydrogeologic work, but simply summarizes technical elements that contribute to the conceptual model. The conceptual model is discussed in general terms in Section 3.3.2, followed by detailed discussions of hydrologic information in subsequent sections. Factors affecting contaminant transport are presented in Section 3.3.2.6. Although it does not include an exhaustive discussion of contaminant transport, Section 3.3.2.6 presents several of the key factors currently under investigation. A history and comparison of the numerical models developed for INTEC is presented in Section 3.3.3. Finally, a brief discussion of ongoing conceptual model competing hypotheses is found in Section 3.3.4.

3.3.1 Background

Numerous geohydrologic studies have been conducted in conjunction with remediation activities at INTEC. Other studies have been conducted as part of the site-wide characterization of flow and transport. These studies have provided an understanding of the elements of the conceptual model at INTEC.

In 1991, INTEC facilities were designated as WAG 3 under the FFA/CO (DOE-ID 1991). This agreement established the procedural framework and schedule for CERCLA, Resource Conservation and Recovery (RCRA), and HWMA response actions. The 1991 FFA/CO designated INTEC (then known as the Idaho Chemical Processing Plant [ICPP]) into two OUs. OU 3‑13 included all INTEC areas with the exception of the Tank Farm, which was designated as OU 3‑14. OU 3-13 was investigated to identify the potential contaminant releases and exposure pathways to the environment from individual sites, as well as the accumulated effects of related sites. The OU 3-13 RI/FS (DOE-ID 1997b) identified a total of 99 release sites, of which 46 were demonstrated to have a potential risk to human health or the environment. These 46 sites were divided into seven groups based on similar media, COCs, accessibility, or geographic proximity. 
The INTEC RI/BRA was completed in 1997 to determine comprehensive risks posed by past releases at the facility (DOE-ID 1997a). The INTEC Feasibility Study also was completed in 1997 to determine and evaluate feasible remedial alternatives (DOE-ID 1997b) and identify any additional information that was needed. Review of the Feasibility Study by the National Remedy Review Board resulted in preparation of a Feasibility Study supplement, which was completed in 1998 (DOE-ID 1998).

The OU 3-13 Record of Decision (ROD), which was signed in 1999, presents the selected remedial actions for the seven groups identified in the RI/BRA and specifically provides for Group 4 perched water monitoring to assess the perched water drain-out and contaminant flux into the SRPA (DOE-ID 1999). A monitoring system and installation plan (DOE‑ID 2000a) was developed to describe work elements required to implement the selected remedies presented in the ROD.
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Figure 3‑15.  Location of the Idaho Nuclear Technology Center (INTEC).

In turn, a field sampling plan (DOE‑ID 2000b), a tracer test plan (DOE‑ID 2000c), and a long‑term monitoring plan (DOE‑ID 2000d) were developed to implement the monitoring system and installation plan. Data collected as a result of those plans through October 15, 2001 are presented in the Phase I Monitoring Well and Tracer Study Report for Operable Unit 3-13, Group 4, Perched Water (DOE‑ID 2002a).

The USGS has conducted studies at INTEC to characterize flow and contaminant transport through the vadose zone and the aquifer. Anderson (1991) correlated basalt flow groups and sedimentary interbeds in the vadose zone and SRPA beneath INTEC. This study provided a basis for description of the geohydrologic framework at INTEC. Cecil et al. (1991) examined the formation of perched groundwater zones and perching mechanisms in the vadose zone at INTEC and other sites. Ackerman (1991a and 1991b) evaluated hydraulic properties of basalts in the SRPA and perched groundwater zones in wells located at INTEC and other sites. Mann and Beasley (1994) evaluated the distribution of iodine-129 in groundwater as a result of disposal to a deep injection well at INTEC.

Additionally, the USGS has maintained a long-term network of wells to monitor water-level changes and the distribution of radioactive and chemical constituents in groundwater. Contaminant distribution and water-level data from aquifer wells at and near INTEC are included in a series of hydrologic conditions reports (Pittman et al. 1988; Orr and Cecil 1991; Bartholomay et al. 1995; Bartholomay et al. 1997; and Bartholomay et al. 2000). A parallel series of reports describe conditions in perched groundwater zones at INTEC and other sites (Cecil et al. 1991; Tucker and Orr 1998; and Bartholomay and Tucker 2000). A report by Bennett (1990) describing infiltration losses on the Big Lost River provides information about episodic recharge near INTEC.

Other researchers have conducted studies at INTEC to evaluate aspects of flow and transport in the SRPA. Morin et al. (1993) used geophysical logging techniques to evaluate the vertical dimension of groundwater flow at INTEC. Frederick and Johnson (1996) used water-level data from packer tests in four INTEC wells to estimate hydraulic properties and to develop a layered conceptual model of the SRPA. Frederick and Johnson (1997) examined the vertical and temporal water-chemistry profiles in a well near INTEC to evaluate geochemical data variations in a stratified system. 

3.3.2 Summary of the Present INTEC Conceptual Model

The current conceptual model of groundwater flow and contaminant transport at INTEC is based on the understanding that the geohydrologic framework consists of a highly complex sequence of layered basalt and sediment units (DOE-ID 1997a). Key features of the conceptual model include:

· Thick, complex systems of layered basalts and sedimentary units in the vadose zone

· Areally extensive recharge from infiltration ponds and point source recharge from features such as steam vents

· Location of the Big Lost River directly northwest of INTEC

· Occurrence of perched groundwater beneath several INTEC facilities

· Distributed and point contaminant sources at the surface, in perched water, and in the aquifer

· Proximity of INTEC to the TRA.

The following sections summarize the components of the conceptual model, including the geologic framework, hydraulic properties, sources of recharge and discharge, the hydraulics of the resultant flow field, chemistry of groundwater, and contaminant transport.

3.3.2.1 Geologic Framework
The basalts and sediments that comprise the thick vadose zone and SRPA beneath INTEC provide the geologic framework within which water and contaminants move in the subsurface. This geologic framework is defined by its geometry, stratigraphy, and structure. 
System Geometry—INTEC is located about 10 mi east of the Lost River Mountain Range. Local features pertinent to contaminant transport at INTEC, which include INTEC and associated facilities, the Big Lost River, and TRA (see Figure 3-15), are located within an area of a few square miles. INTEC encompasses 200 acres and extends approximately 3,600 ft from north to south and 2,000 ft from east to west. The channel of the Big Lost River runs to the northeast directly adjacent to the northwest corner of the INTEC fence. The TRA lies approximately 1 mi to the northwest. 
Known distributions of contaminants in the vadose zone at INTEC are restricted to the areas immediately adjacent to the INTEC. The area of interest within the vadose zone (see Figure 3-15) extends from INTEC about 6,600 ft from east to west and 9,800 ft from north to south (DOE-ID 1997a). The known distribution of contaminants in the SRPA encompasses a much larger area (see Figure 2-11). The tritium plume above a detection limit of 5 pCi/mL, attributed in part to disposal of radioactive wastewater at INTEC, has been estimated to exceed 50 mi2 in the past. Because of the extent of contamination, the area of interest in the aquifer extends almost 2 mi north of INTEC, 7 mi south of the INEEL boundary, 4 mi east of INTEC, and almost 16 mi west of the RWMC. However, recent tritium data from wells near the RWMC infer the existence of two separate tritium plumes, the first originating from INTEC and TRA and the second originating from the RWMC (McCarthy et al. 2000). 

The combined thickness of the alluvial gravels, basalts, and sedimentary interbeds comprising the vadose zone beneath INTEC is approximately 450 ft. Within the SRPA at INTEC, the region of interest predominantly includes perhaps 100 ft of layered basalt flows, an intervening interbed of unknown extent, and a deeper basalt flow group that may exceed a thickness of several hundred feet in places (DOE‑ID 1997a).

Geology—INTEC is located on the thick deposits of alluvial gravels associated with the relatively flat floodplain of the Big Lost River. This floodplain overlies the eastern Snake River basalt plain, formed by eruption of basalts from low shield volcanoes and vents. Overlapping flows produced the complex stratigraphy underlying INTEC.
Geologic features adjacent to INTEC include a series of volcanic rift zones, rhyolite domes, and other eruptive features (Anderson 1991). The Arco volcanic rift zone extends southeast across the southwestern part of the INEEL. The axial volcanic rift zone extends southwest across the southeastern part of the INEEL. The Lava Ridge volcanic rift zone extends southeast across the northern part of the INEEL. A series of rhyolite domes occur to the south. The AEC Butte is an eruptive feature about 2 mi northwest of INTEC that was the source for an areally extensive, thick basalt unit.

Stratigraphy/Lithology—The vadose zone and SRPA beneath INTEC (see Figure 3-16) consist of a thick layer of surficial alluvium underlain by a sequence of interbedded basalt flows and sedimentary interbeds (Mann 1986). Older basaltic and rhyolitic rocks occur at depth. 
Surficial alluvium at INTEC consists largely of fluvially deposited gravels. The gravels are medium to fine-grained and cover the underlying basalts with an average thickness of 45 ft (DOE‑ID 2002a). Much of the gravels at INTEC have been reworked, particularly in the vicinity of the Tank Farm Complex, where gravels were removed during construction activities and later by remedial activities. A thick sequence of basalt flows and sedimentary interbeds lies beneath the gravels at INTEC. Borehole INEL-1, drilled to a depth of 10,365 ft about 4.5 mi north of INTEC, encountered 2,000 ft of this sequence. The basalt stratigraphy beneath INTEC has been described through physical characterization of cores and cuttings and by geophysical logging from over 70 wells completed in the SRPA (Anderson 1991; see Figure 3-16).

Anderson (1991) describes five composite stratigraphic units in the vadose zone beneath INTEC. These units include at least 14 basalt flow groups consisting of thin to thick basalt flows and related sedimentary interbeds. Anderson identifies two composite stratigraphic units within the upper part of the SRPA at INTEC. The upper unit consists of at least six flow groups composed of thin, discontinuous basalt flows that are underlain by a widespread sedimentary interbed. The lower unit consists of flow group I. This unit is composed predominantly of thick basalt flows and minimal sediment.
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Figure 3‑16.  Stratigraphy of basalt flow groups and sedimentary interbeds at INTEC (adapted from Anderson 1991).

The basalt flows beneath INTEC are characterized as overlapping lobes of basalt intermixed with larger basalt flows of relatively uniform thickness (DOE-ID 1997a). Changes in flow thickness frequently are attributed to changes in basalt flow characteristics or proximity to the flow margins. Basalt flow characteristics, including the presence of pyroclastic deposits on or within a flow or increased flow vesicularity, may enhance the effects of erosion. These characteristics can vary both laterally and vertically within an individual flow, and the same flow can exhibit weathered, vesicular, fractured, and massive textures in different locations and depths. Stratigraphic correlation of flows across the site has been accomplished by geophysical methods; however it is difficult due to similarities between flows. Numerous flows appear as irregular and discontinuous lobes which overlap more continuous flows (see Figure 3-16; DOE-ID 1999). The basalt flows increase in thickness and decrease in hydraulic conductivity with depth. This decrease can be partially attributed to decreased interflow rubble zones and to mineralization within fractures and other porous regions of the flows. 

At INTEC, the part of the SRPA considered to be of interest includes the upper composite stratigraphic unit (identified in this report as the H flow group and includes Anderson’s [1991] E through H flow groups), the HI interbed, and upper sections of the lower composite stratigraphic unit (identified as the I flow group). The thickness was established to include the total penetration of the deep injection well, assuming that most mixing of contaminants will take place in that interval (DOE‑ID 1997a). The combined thickness of these units of interest in the aquifer is estimated to be approximately 250 ft. Underlying basalts, although part of the SRPA, are considered in the conceptual model to lie beneath the area of interest in terms of contaminant transport. 

Multiple sedimentary interbeds have been identified among the basalt flows at INTEC. These interbeds were deposited during long periods of volcanic quiescence. With several exceptions, they are not areally continuous and consist of sands and silts with some clay, probably of eolian and fluvial origin. Most individual sedimentary interbeds typically are from 1 to 5 ft thick. Interbed morphology appears to be controlled by the topography of the underlying basalt and by the length and nature of the local erosional and depositional environment between successive eruptive events. In the vadose zone, significant accumulations of sedimentary interbeds are associated with upper basalt flows designated by Anderson (1991) as the C through the DE2 basalt flow groups. These sediments appear to be a thick sequence of sands overlain and underlain by silts and clays. Significant accumulations of interbeds also are associated with deeper vadose zone basalts designated by Anderson (1991) as the DE6 through DE8 basalt flow groups. The sediments associated with these deeper basalt flow groups generally consist of fluvial gravels, silts, and clays. A sedimentary interbed (HI interbed) occurs in most wells near INTEC at the base of the upper composite stratigraphic unit. This widely distributed interbed is considered to be a dominant stratigraphic feature in the aquifer (DOE-ID 1997a) and is believed to hydraulically separate the upper and lower stratigraphic units in the aquifer (Arnett and Smith 2001). Sedimentary interbeds associated with the lower composite stratigraphic unit (I flow group) are minimal, ranging from 0 to 3% of the total thickness (Anderson 1991).

3.3.2.2 Bulk Hydraulic Properties

Unsaturated and saturated hydraulic conductivity and effective porosity of sediments and basalts control the storage and movement of water through the vadose zone and the SRPA beneath INTEC. These hydraulic properties are derived from the lithologic and stratigraphic character of the ESRP. 

Vadose Zone—The vadose zone is approximately 450 ft thick at INTEC (see Figure 3-16). Hydraulic properties of the thick, surficial sediments, sedimentary interbeds, and basalt flows of the vadose zone have been determined from aquifer test data and laboratory analyses.
The alluvial gravels underlying INTEC are very permeable, and the ability to store and transmit surface water to the subsurface within INTEC is influenced by anthropogenic features such as buildings and tanks, roads, impermeable liners, and ditches. These features may serve to amplify infiltration rates by locally concentrating runoff and reducing evaporation. The gravels near the Big Lost River have been observed to contain perched water zones during and shortly after episodic flows of sufficient magnitude to laterally transmit water. 

Hydraulic properties of vadose-zone interbed sediments determined from aquifer tests and laboratory analyses include saturated hydraulic conductivity, moisture content, and porosity. Hydraulic conductivity was determined from aquifer tests conducted in sedimentary interbeds in six INTEC perched-water wells, which ranged from 0.11 to 5.1 ft/day (DOE-ID 1997a). Saturated hydraulic conductivities determined from laboratory analyses of interbed sediments in the vadose zone beneath INTEC ranged from 1.5 ( 10-4 to 6.2 ft/day. Laboratory initial moisture content of five INTEC core samples ranged from 12.7 to 33.2% by volume. Calculated porosity ranged from 33.6 to 61%. 

The basalt flows, comprising the majority of the vadose zone and the upper portions of the SRPA beneath INTEC, make up a complex system of fractured and massive basalt flows with large ranges of hydraulic properties. The basalt-flow permeabilities are controlled by widely varying lithology within a particular flow (i.e., fractures, interflow rubble and pyroclastic zones, weathered zones, vesicularity, and massive zones). The vadose zone (and upper aquifer) permeabilities are controlled by the spatially changing lithologic characteristics of individual basalt flows and by the extent of basalt flows and interbeds.

Hydraulic conductivities measured in saturated basalt flows associated with perched groundwater bodies in the unsaturated zone (in perched zones) beneath INTEC range from 0.57 to 9.6 ft/day, and average 4.3 ft/day (n = 6). These values were determined by pumping/recovery drawdown test methods (DOE-ID 1997a) and were within the range of 0.014 to 790 ft/day estimated by Ackerman (1991b) from 43 tests in 22 wells at TRA and INTEC. The INTEC conceptual model assumes that fracture network dominates vadose-zone flow and that the system can be treated as an anisotropic, “single-porosity” media, neglecting the matrix permeability (DOE-ID 1997a). The ratio of horizontal to vertical permeability is estimated to be 300 to 1. The effective porosity of the fractured basalt is estimated to be 5%. 

SRPA—Transmissivity estimates of the SRPA from INTEC well data ranges from 10 to 760,000 ft2/day (DOE-ID 1997a; Ackerman 1991a). This five-order of magnitude difference locally impacts the groundwater flow direction and contaminant distribution in the vicinity of INTEC (DOE-ID 1997a). Hydraulic conductivity estimates, made by dividing the transmissivity by the saturated thickness of the open interval of the well, ranged from 0.1 to 10,000 ft/day with an average of about 1,300 ft/day. Values above the HI interbed probably are much larger. The aquifer transmissivity decreases with depth because of thicker flows beneath the HI interbed and because of mineralization along/within fractures and interflow zones. In places, the HI interbed may cause confined or semi-confined conditions in the SRPA below it. However, this probably is not an issue beneath INTEC where the HI interbed is relatively thin. 
The effective porosity of the basalts is a measure of the interconnected pore spaces consisting of interflow rubble zones, fractures, and interconnected vesicles. The effective porosity of basalts at INTEC has been estimated by previous researchers to be 10%. Inverse modeling techniques and contaminant distribution data were used to estimate an effective porosity of 3 to 5%.

3.3.2.3 Inflow/Outflow

Sources of water in the subsurface beneath INTEC include underflow within the SRPA, episodic flows in the Big Lost River, disposal of wastewater to the deep injection well and percolation ponds, leakage from piping, and precipitation. Aquifer discharge at INTEC occurs as pumpage from production wells.

Underflow in the SRPA—Water in the SRPA that passed beneath INTEC from the northeast is assumed to be consistent with WAG-10 underflow estimates from transmissivity and hydraulic gradient. No estimates of underflow are given in the RI/BRA (DOE-ID 1997a, Appendix F).
Episodic Recharge—Periodic flows in the channel of the Big Lost River adjacent to INTEC are associated with years of increased snowpack in the mountainous drainage areas to the west. Much of this water infiltrates along the stream channel. The volume of this source of episodic recharge can be significant during wet years (DOE-ID 1997a). 
Perched water has been observed in the vadose zone adjacent to the Big Lost River during episodic flow. The extent and volume of these perched-water zones are not well known. However, during periods of flow, water levels in perched-zone wells near INTEC rise abruptly.

Recharge from Wastewater Disposal—Wastewater has been disposed at INTEC using an injection well and infiltration ponds. Additionally, water has been released to the shallow subsurface through stream condensate disposal and by leakage from system piping.
The ICPP injection well (identified as CPP DISP on Figure 3-16) was used during 1952 through 1984 to discharge water containing low‑level radioactive and chemical wastes directly to the SRPA (Bartholomay et al. 2000). This injection well was drilled to a depth of 597 ft and cased with 16-in. carbon steel casing. The well casing was perforated from 412 to 452 ft and from 490 to 593 ft. The average annual discharge during 1952 through 1984 was approximately 363 million gal for an average of about 1 million gal/day. In the late 1960s and early 1970s, failure of the ICPP injection well resulted in discharge of wastewater directly to the vadose zone at a reported depth of 226 ft (DOE‑ID 1997a).
Table 3-2 (modified from DOE-ID 1997a, Table 2-7) summarizes the estimated volume of surface or near-surface recharge available from various sources at INTEC. These sources include service wastewater percolation ponds, sewage treatment ponds, leakage from water systems, irrigation, and disposal of steam condensate. 

Table 3‑2.  Estimated volume of recharge from wastewater disposal and leakage at INTEC.

	Source
	Northern part of INTEC
	Entire Facility

	
	Volume
(gal/yr)
	Percent
	Volume
(gal/yr)
	Percent

	Service wastewater
	None
	0
	690,000,000
	95.8

	Sewage treatment ponds
	15,000,000
	58
	15,000,000
	2.1

	Water system leaks
	3,980,000
	16
	3,980,000
	0.6

	Landscape irrigation
	1,568,000
	6
	1,568,000
	0.2

	Precipitation infiltration
	3,800,000
	15
	8,000,000
	1.1

	Steam condensate
	1,300,000
	5
	1,700,000
	0.2

	CPP-603 Basins
	None
	0
	49,275
	<0.1

	Total
	25,648,000
	100
	720,297,275
	100


The largest surficial source of recharge from wastewater disposal at INTEC is from disposal to the two service waste percolation ponds located immediately to the south of the facility. An average of approximately 690 million gal/yr of service wastewater has been discharged to these percolation ponds since their construction in 1984. An additional 15 million gal/yr are discharged into the infiltration galleries of the new sewage treatment plant in the northeastern corner of the facility. 

Identification of perched groundwater bodies beneath INTEC, with no known source of recharge, led to a water inventory study (Richards 1994). This study was performed to determine whether water was leaking from the plant's water supply and wastewater systems in sufficient quantities to support these perched water bodies. The study determined that leakage from the fire water system and the potable water system historically provided nearly 4 million gal/yr of recharge. These leaks have been repaired, but the potential exists that other unknown leaks may be present in the 14 mi of piping. Assuming a 5% error in metering, an annual undetected leakage volume of as much as 38.4 million gal could occur.

Landscape watering systems in the northern part of the INTEC irrigate approximately 1.5 acres of lawn. Approximately 2.35 million gal are used annually to water INTEC lawns. Of this, a net volume of approximately 1.57 million gal is available for infiltration and recharge. The discharge of steam condensate from facility heating may provide another source of recharge to the subsurface. The average annual volume of steam condensate discharged to the ground is estimated to be 1.7 million gal. A total of 1.3 million gal is discharged where the condensate could contribute recharge to perched water beneath the northern part of INTEC. In addition, precipitation at INTEC is channeled into a system of ditches and runoff infiltration ponds. This source provides an estimated 8 million gal/yr for recharge to the shallow subsurface. 

Recharge from Precipitation—Infiltration of local precipitation may augment recharge to perched water bodies. Long-term average precipitation at the INEEL is 8.7 in./yr. Although pan evaporation losses greatly exceed average precipitation, water from snowmelt or heavy rains may infiltrate to a depth where it cannot be evaporated, particularly where runoff is focused by pavement and drainage ditches. Miller et al. (1990) estimated net recharge from precipitation to range from 1 to 4 in./yr, with a best estimate to be 1.6 in./yr. Assuming a net infiltration rate of 1.6 in./yr and the area available for recharge at INTEC to be approximately 184 acres, approximately 8 million gal of water may be available for recharge from local precipitation. 
Discharge from the SRPA to INTEC Groundwater Pumpage—The INTEC uses an average of approximately 2.1 million gal of water per day or 767 million gal/yr (DOE-ID 1997a). Much of this water is recharged through facility disposal systems. Water is supplied from two raw-water wells and two potable-water wells located in the northern part of the facility. This water is carried through about 14 mi of piping from the primary water systems at the INTEC, including the raw-water, fire-water, treated (softened) water, demineralized water, steam-condensate, landscape-watering, potable-water, service‑waste (industrial wastewater), and sanitary waste systems.
3.3.2.4 Hydraulics

The character of subsurface flow at INTEC is defined by the integration of components of the conceptual model. Saturated flow occurs in the SRPA. Saturated and unsaturated flow occurs in the vadose zone.

Snake River Plain Aquifer—Flow within the SRPA is believed to be unconfined. However, because of the layered character of the basalts and interbeds, flow locally may be confined or partially confined (DOE-ID 1997a). The flow field within the aquifer is defined by the hydraulic gradient, direction of flow, and flow velocity. 
INEEL-wide water-level data collected during 1998 indicated the general direction of groundwater flow across the INEEL was toward the south and southwest at an average gradient of about 4 ft/mi (see Figure 2-8 in Section 2; Bartholomay et al. 2000). The gradient in the vicinity of INTEC is less, averaging 1.2 ft/mi (DOE-ID 1997a). Locally, the direction of groundwater flow may vary due to the variability of the hydraulic characteristics of the aquifer within a small area (DOE-ID 1997a). A region of relatively small transmissivity directly to the south of the INTEC locally affects the direction of flow as well as distribution of contaminants. Recharge from episodic flow in the Big Lost River has been demonstrated to modify the direction of flow. Pumpage from INTEC supply wells also can locally affect the direction of flow. 

Groundwater flow velocities between INTEC and downgradient wells were calculated using iodine-129 data, which were estimated to range from 5 to 20 ft/day with an average of 10 ft/day (Robertson et al. 1974). Iodine-129 first-arrival data provided an estimate of about 6 ft/day (Mann and Beasley 1994). Horizontal groundwater flow rates in the SRPA have been estimated to range from 0.3 to 7.6 m/day (1 to 25 ft/day; Kaminsky et al. 1994; Robertson et al., 1974).

Vadose Zone—The vadose zone beneath INTEC is approximately 450 ft thick. Water from surface or shallow subsurface recharge moves vertically through the vadose zone as unsaturated flow in fractured basalts that do not have vertical permeability contrasts, and vertically and horizontally as saturated flow within perched water bodies. 
Little information is available about unsaturated flow in the vadose zone at INTEC. Comparison of neutron moisture logs in a well located near the two service-waste ponds indicated that moisture content increased beneath those ponds when disposal began in 1984 (Cecil et al. 1991). Increased moisture content has been observed in unsaturated parts of the vadose zone. Moisture content in 15 interbed samples from nine vadose-zone coreholes ranged from 12.7 to 56.8% by volume (DOE‑ID 1997a).

Rapid lateral flow has been observed in the vadose zone in response to recharge. The 1999 tracer test at the INEEL spreading areas demonstrated that water can move laterally in the vadose zone for significant distances (Nimmo et al. 2001). Water-level changes in a perched zone well near the Big Lost River west of INTEC were used to estimate a lateral flow velocity as large as 3 ft/hour (DOE‑ID 1997a).

Perched groundwater zones have been identified in the vadose zone beneath sources of surface and shallow subsurface recharge in the northern part and southern part of INTEC. Several discontinuous zones of perched water have formed as a result of site operations and natural recharge sources at the interface between the surface alluvium and the shallowest basalt flow, in upper basalts, and in deeper basalts. Perched groundwater has been detected in the upper basalts beneath the sewage treatment pond and beneath the Tank Farm in the northern part of INTEC, near building CPP-603, and beneath the percolation ponds south of INTEC (DOE-ID 2002b). Upper perched groundwater zones occur at depths from 100 to 140 ft. The upper perched water zones are fragmented, rather than continuous, zones of saturation that occur above the CD and D interbeds and the in the DE3 interbed. Water-level and water‑chemistry data indicate that upper perched groundwater zones beneath the north and south parts of INTEC are separated and chemically different. The actual extent of these perched water bodies is not well defined and the connections between the perched water bodies are not well understood.

Multiple water sources may provide recharge to the upper perched water body in the northern part of INTEC. These sources may include recharge from the Big Lost River, the wastewater treatment lagoons, and operational water distribution system releases. A tracer study was begun in 2001 to differentiate the contributions of these possible recharge sources. 

Perched water has been identified beneath two areas of southern INTEC. A small perched water body has been identified in the vicinity of building CPP-603, and a larger perched water body has developed from the discharge of wastewater to the percolation ponds. Deeper perched groundwater zones occur in basalts at depths ranging from 320 to 420 ft. The extent of deep perched water is not well defined. Seven wells in the northern part of INTEC and two wells in the southern part monitor deep perched groundwater. The lower zones are formed because of decreased permeability associated with sedimentary interbeds at depths ranging from 383 to 426 ft (DOE-ID 2002a). 

Water levels in the lower perched groundwater zone have been monitored since the early 1960s in USGS‑50. The water level in this well has been fairly consistent, ranging between 287 and 382 ft, except for a period in the late 1960s and 1970s when the water level rose approximately 90 ft in response to casing collapse in the ICPP injection well (DOE-ID 2002a). During this period, wastewater was discharged directly to the vadose zone at a reported depth of 226 ft (Fromm et al. 1994). Discharge of wastewater directly into the vadose zone resulted in a possible source of contamination of the deep perched groundwater zone. 
3.3.2.5 Groundwater Chemistry

Water from the SRPA in the southern half of the INEEL typically is enriched in calcium, magnesium, and bicarbonate (Knobel et al. 1997). Aquifer water underlying INTEC is similar in composition. The background concentrations of sodium, chloride, sulfate, and nitrate are 10, 15, 10 to 40, and 5 mg/L, respectively (Robertson et al. 1974). Wastewater disposed to the injection well and percolation ponds has increased the concentrations of these and other ions in groundwater downgradient from INTEC (Bartholomay et al. 2000). 

Perched groundwater bodies have formed in response to wastewater disposal at INTEC. Wastewater originates from the SRPA, but chemical processes at INTEC modify the water chemistry. The chemistry of water in perched groundwater bodies is chemically different depending on the location and source (see Figure 3-17; DOE-ID 2000b). 

3.3.2.6 Contaminant Transport

Radioactive, inorganic, and organic chemical contaminants were contained in wastewater disposed to the subsurface at INTEC through routine wastewater disposal practices and through spills and leakage. Migration of these contaminants has resulted in detectable concentrations in the aquifer and in perched groundwater bodies. The following sections briefly describe the contaminant source term, transport mechanisms, and distribution of contaminants in the subsurface.

Source Term—Radioactive, inorganic chemical, and organic chemical contaminants derived from INTEC operations have been disposed to injection wells and French drains, percolation ponds, pits, and leach fields. Contaminants also have been introduced to the subsurface through spills and piping leakage at the Tank Farm and other sites. Principal sources of contamination at the INTEC have been derived from historical waste disposal to the deep disposal well, leakage from the concrete holding tanks in building CPP-603, and accidental releases to the environment (DOE-ID 1997a). Wastewater currently is discharged to two percolation ponds and sewage treatment ponds. Based on pond-sediment characterization data and the chemistry of the waste streams to these disposal points, these two sources do not contribute significantly to the inventory of contaminants. However, water movement from these ponds may affect the migration of contaminants in other areas of the INTEC. The source term is defined by the contaminant inventory, method of release, and rate of release.
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Figure 3‑17.  Schoeller diagram of water quality for perched water, service wastewater, the SRPA, and the Big Lost River (from DOE-ID 2002b).

Contaminants released to the subsurface since the early 1950s have included radionuclides, inorganic chemicals, and organic chemicals. Table 3-3, modified from Table 5-42 of Appendix F, INTEC Remedial Investigation report (DOE-ID 1997a), summarizes the total mass or activity of contaminants of potential concern and the point of disposal.

Table 3‑3.  Summary of total mass or activity for COCs and contamination sources at INTEC.

	Contaminant of Potential Concern
	Units
	Known Release
	Service Waste
	Soil Contamination
	Total

	
	
	Tank Farm
	Other
	Injection
Well
	Percolation and sewage waste Ponds
	
	

	Arsenic
	Kg
	0
	0
	0
	0
	457
	457

	Chromium
	Kg
	16.0
	0
	0
	0
	120
	136

	Mercury
	Kg
	28.1
	0
	400
	0
	596
	1,024

	Americium-241
	Ci
	110
	0
	0.123
	0
	0.905
	111

	Cobalt-60
	Ci
	68.4
	0
	1.24
	0.0112
	106
	176

	Cesium-137
	Ci
	26,800
	309
	25.8
	0.534
	2,680
	29,815

	Tritium
	Ci
	18.5
	378
	20,100
	999
	0
	21,496

	Iodine-129
	Ci
	0.00705
	0
	1.39
	0.0820
	0.0389
	1.52

	Neptunium-237
	Ci
	0.216
	0
	1.07
	0
	0.133
	1.42

	Total Plutonium
	Ci
	1,180
	0
	0.822
	0.0692
	10.2
	1,191

	Strontium-90
	Ci
	18,000
	309
	24.3
	0.295
	1,110
	19,444

	Technetium-99
	Ci
	2.58
	0
	0
	0
	0.106
	2.69

	Total Uranium
	Ci
	0.747
	0
	0.269
	0.0701
	0.940
	2.03


ICPP Injection Well, CPP-23—Since 1952, INTEC processes have generated large volumes of plant-cooling wastewater and condensate that contained small quantities of radioactive and inorganic contaminants (DOE-ID 1997a). The ICPP injection well was used to dispose these low-level radioactive and chemical wastes to the SRPA during 1952 through 1984. 

The ICPP injection well was drilled in 1950 to a total depth of 597 ft (24-in. borehole), cased with 16-in. carbon steel casing, and gravel packed. Casing was perforated from a depth of 412 to 452 ft and from 490 to 593 ft. During 1967 and 1968, the injection well collapsed at a depth of 226 ft. In 1970, the injection well was redrilled and a new liner was installed. During this time, wastewater was disposed to well USGS-50. 

The CPP-23 injection well released wastewater and contaminants directly to the SRPA (DOE‑ID 1997a). The injection well also released wastewater and contaminants to the vadose zone during periods of casing collapse. Some of the contaminant inventory introduced to the vadose zone has been released slowly to the aquifer through vertical saturated and unsaturated flow.

Most of the tritium disposed at INTEC was released from the injection well directly to the aquifer or deeper parts of the vadose zone (20,100 Ci). A total of 400 kg of mercury was disposed from the injection well. Only a small percentage of strontium-90 and cesium-137 was disposed directly to the aquifer from the injection well. A total of 1.39 Ci of iodine-129 and 1.07 Ci of neptunium-237 were disposed. 

CPP-603 Basins—The CPP-603 fuel storage basins have been operational since 1952. These basins store spent fuel assemblies prior to processing of the assemblies. The basins consist of three reinforced‑concrete, unlined fuel-storage basins connected by a transfer channel. 
Leakage from the fuel storage basins has been estimated to be from 500 to 700 L/day (DOE‑ID 1997a). The principle contaminant in tank leakage water is cesium-137.

Tank Farm—Leakage and spills from the Tank Farm distribution system (see Figure 3-16) have released contaminants to the surficial sediments. Known Tank Farm leakage accounts for most of the INTEC releases of cesium-137 (26,800 Ci), strontium-90 (18,000 Ci), total plutonium (1,180 Ci), americium‑241 (110 Ci), technetium-99 (2.58 Ci), and much of the release of cobalt-60 (68.4 Ci;). These activities are not corrected for radioactive decay.
Soil Contamination—Spills and leakage have resulted in contaminated-soil sites at INTEC. Contaminants at these sites include arsenic (457 kg), chromium (120 kg), and mercury (596 kg). Significant radionuclides include cesium-137 (2,680 Ci), strontium-90 (1,110 Ci), and cobalt-60 (106 Ci).
Percolation Ponds—The service waste ponds (see Figure 3-16) were constructed in 1984 to replace the CPP injection well for disposal of service wastewater. These ponds were designed to allow infiltration of water to the subsurface.
Tritium was the predominant constituent disposed to the service waste ponds. A total of about 1,000 Ci were disposed from 1984 to the present.

Extent of Contamination—Contaminant concentrations have been monitored in perched groundwater bodies (Bartholomay and Tucker 2000) and in the SRPA. Subsequent sections describe the distribution and extent of selected contaminants in the vadose zone and in the aquifer.
Water from wells completed in upper perched-water bodies in the northern part of INTEC contains large gross-alpha and gross-beta activities. Activities in the upper perched water body are attributed primarily to strontium-90 and technetium-99. Tritium and technetium-99 concentrations increase from the upper to deeper perched zones; strontium-90 concentrations decrease. Upper perched water in the northern part of INTEC contains nitrate concentrations above the maximum contaminant level.

Two perched water bodies have been identified in the southern part of INTEC. One perched water body attributed to leakage from CPP-603 contains tritium, technetium-99, strontium-90, and uranium‑234. Water from several wells completed in perched-water bodies beneath the percolation ponds contained strontium-90 above the MCL of 8 pCi/L. Inorganic constituents in both perched-water bodies include chloride, nitrate, manganese, and iron. 

Deeper perched zones at INTEC are monitored in four wells. Water from these wells contains concentrations of tritium, strontium-90, and technetium-99. Only tritium has exceeded the maximum contaminant level.

Tritium—Tritium activities attributed to wastewater disposal at INTEC and TRA have been detected in water from the SRPA above the instrument detection limit of 0.5 pCi/L over a large area of the INEEL. In 1985, this area exceeded 50 mi2 and had reached the southern boundary of the INEEL (Pittman et al. 1988). Tritium activities exceeded the maximum contaminant level of 20 pCi/mL in wells located more than 3 mi downgradient from INTEC. Since 1985, the area containing water exceeding the instrument detection limit has decreased. Within the area, tritium activities also have decreased. In 1998, activities, attributed primarily to disposal from INTEC and TRA, were less than the maximum contaminant level (Bartholomay et al. 2000). Activity decreases are attributed to radioactive decay and reduction in disposal of wastewater containing tritium. 

Strontium-90—Strontium-90 has been detected in water from the SRPA directly downgradient from INTEC. In 1985, the estimated area of the strontium-90 plum was about 2 mi2 (Pittman et al. 1988). Slight decreases in the area of the strontium-90 plume and concentrations in water from wells are attributed to changes in wastewater disposal and radioactive decay. Since 1989, strontium-90 concentrations have remained relatively constant.
Iodine-129—Aquifer water samples were collected during 1977, 1981, 1986, and 1990 through 1991 for iodine-129 analyses at INTEC (Mann and Beasley 1994). During 1990-91, samples were collected from 50 aquifer wells. Concentrations ranged from 0.0000006±0.0000002 to 3.82±0.19 pCi/L. The average concentration in water from 18 wells was 0.81±0.19 pCi/L compared to 1.3±0.26 pCi/L in 1986. Mann et al. (1988) reported a similar decrease between the 1981 and 1986 sampling events. Decreases in the I-129 concentration in groundwater at the ICPP are attributed to decrease in disposal, a change from the disposal well to the percolation ponds, and dilution by infiltration of stream flow from the Big Lost River.

During the Remedial Investigation, I-129 concentrations in wells USGS-67, LF2-12, and LF3-08 were 1±0.3 pCi/L, 1.2±0.3 pCi/L, and 0.9±0.3 pCi/L, respectively. Two of these wells are located several miles downgradient from the INTEC.

Technetium-99—Technetium-99 was detected in water from 32 of the 44 wells sampled during the Remedial Investigation. The largest concentrations of Tc-99 were detected in the north-central portion of the ICPP in water from wells MW-18, USGS-47, and USGS-52. Concentrations were 448±4, 235±3, and 174±2 pCi/L, respectively. The technetium-99 plume extends to the southwest of the ICPP and includes wells USGS‑123, USGS-57, and USGS-39. The maximum Tc-99 concentration outside the ICPP security perimeter fence is 49 pCi/L in well USGS-123. 

Cesium-137—Cesium-137 has been detected in several wells in response to disposal to the injection well. No cesium-137 concentrations have been detected in recent years (Bartholomay et al. 2000). 
Actinides—Plutonium isotopes were detected in water samples through 1987 in several wells near INTEC. These detections were attributed to disposal to the injection well. Americium-241, a decay daughter of plutonium-241, was detected as recently as 1995 in several wells near INTEC. Since then, plutonium isotopes and americium-241 have remained less than the reporting level (Bartholomay et al. 2000).

Mechanisms that Affect the Fate and Transport of Contaminants in Groundwater—Those mechanisms considered to be important for the transport of contaminants in the vadose zone at INTEC include radioactive decay, sorption, rate of infiltration from different sources of recharge, and effective porosity
. Mechanisms that control transport in the aquifer include radioactive decay, sorption, groundwater dispersivity, effective porosity, and the velocity of flow.

Transport of contaminants from spills that were contained in surficial sediments is facilitated by water for release to the deeper subsurface from those soils. Water may originate from landscape irrigation, piping losses, and shallow infiltration from percolation ponds (DOE-ID 1997a). The dye tracer test presently underway (DOE-ID 2000c) is designed to improve understanding of the distribution and source of water in the vadose zone. 

Effective porosity estimates of 3 to 5% were derived from inverse modeling of contaminant distributions (tritium and iodine-129). These estimates are dependent on the assumed thickness of the aquifer and vertical mixing of the contaminant throughout the aquifer thickness. 

3.3.3 Numerical Analyses Performed to Date at INTEC

Numerical simulations of water and contaminant transport in both the vadose zone and aquifer beneath INTEC have been conducted to support the OU 3-13 RI/FS (DOE-ID 1997a, Book 2).

The vadose zone model parameterized four interbed units (the Upper-1, Upper-2, middle, and lower units) based on the geospatial distribution of the interbeds in existing boreholes. The conceptual model used to parameterize the hydrologic budget of the vadose zone included allowances for precipitation, fire water losses, lawn irrigation, injection of water at ICPP-603, infiltration at the sewage treatment plant, infiltration of percolation pond water, and steady state infiltration from the Big Lost River. The model was calibrated to water levels measured in perched water wells. The transport portion of the model was calibrated to observed concentrations of chloride and tritium (conservative tracers).

The aquifer model domain was substantially larger than the domain selected for the vadose zone numerical simulations. As a result, it was necessary to add recharge to the aquifer model in all locations except the overlap portion of the two domains. Infiltration from the Big Lost River was estimated (and parameterized) as the average linear surface water flow loss between the river’s diversion (near the RWMC) to the Lincoln Boulevard bridge (near INTEC) for the uppermost reach of the river inside the aquifer domain. Flow losses between the Lincoln Boulevard bridge and the Big Lost River playas were used to simulate infiltration in the lower reach of the Big Lost River (including in the aquifer domain). Pumping discharge from wells CPP-02 and CPP-04 also was included in the aquifer model. Boundary conditions for the aquifer simulations were imported from the WAG 10 groundwater flow model.

In addition, primary COCs at TRA were included in the aquifer simulations because of the potential that the two plumes (TRA and INTEC) could commingle and affect cumulative risk calculations at receptor points. Like the vadose zone transport model, the transport portion of the aquifer model was calibrated to both dissolved chloride and tritium concentrations in water beneath the site.

The two models (vadose zone and aquifer) were considered adequate to represent hydraulic conditions and the transport of contaminants beneath INTEC during 1950 through 1995. Model-calibrated distribution coefficients (Kds) were developed to represent sorption in the basalts and interbeds separately. While the distribution of materials with different sorption characteristics is believed to be highly complex in the subsurface beneath INTEC, a homogenous distribution of Kds in soil and basalt was determined to be adequate to reproduce observed contaminant concentrations.

3.3.4 Summary of Competing Hypotheses and Additional Data Requirements

Geohydrologic research associated with INTEC remediation activities has identified areas of research needed to better understand contaminant transport in the subsurface. The following list is a partial listing of these research areas and competing hypotheses.

· Local Sources of Recharge—Percolation ponds, piping leakage, landscape irrigation water, and the Big Lost River provide sources for formation of water-perched groundwater bodies and for contaminant transport. The present dye tracer test (DOE-ID 2000c) is designed to improve the understanding of the distribution of these local sources of water. 
· Source Term—The input estimates of available process water and contaminant mass are uncertain. Estimates also are uncertain of those physical properties that have a primary influence on flow and contaminant transport domain. 
· Well Completions—Inadequate well completions may facilitate vertical movement of contaminants by creating additional subsurface flow routes. 
· Treatment of Sedimentary Interbeds in the Unsaturated Zone—Previous numerical analyses lumped the 14 interbeds in the vadose zone beneath INTEC into three units. This lumping may result in an overestimation of the effect of interbeds on lateral flow. 
· Preferential Flow in the Vadose Zone—The rate of vertical flow through the unsaturated zone at INTEC is not well known. Vertical velocities may be underestimated by lumping of interbeds in previous analyses and disregarding the possibility for preferential flow.
· HI Sedimentary Interbed—Little is known about the effect of the HI interbed in separating upper and lower flow systems and contaminant transport.
· Storage Coefficient—A storage coefficient of 6% was used in analyses. Subsequent analyses using a thicker aquifer (based on Dick Smith’s temperature data) resulted in a storage coefficient of 3%.
· Thickness of the Aquifer—In terms of contaminant transport, the thickness of the SRPA has been estimated to be 250 ft. Information is needed about the actual thickness, anisotropy, and the vertical distribution of contaminants in the aquifer at INTEC. 
· Injection Well—Contaminants are assumed to have been uniformly injected across the perforated interval of the injection well. However, this assumption probably has not been accurate. The HI interbed and basalt interflow zones and casing plugging and collapse may have resulted in differential injection of wastewater.
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3.4 Central Facilities Area

A detailed conceptual model has not been developed for CFA. Because the potential risks associated with past CFA activities were considered relatively low, there has not been a large effort to characterize the hydrologic system or to monitor potential contaminant transport pathways. What site‑specific information is available was developed in support of the CFA RI/FS (Burgess et al. 2000) and is summarized in this chapter for convenience. This section does not present any original hydrogeologic work, but simply summarizes technical elements that contribute to the conceptual model. 

3.4.1 Background

The CFA is located in the south-central part of the INEEL approximately 1.5 mi south of INTEC and almost 3 mi south of the TRA (see Figure 3-18). The original CFA mission was testing of U.S. Navy gunnery. Military housing and test support facilities were built at CFA during the 1940s. As the mission of the INEEL evolved over time, the facilities at CFA were modified to provide crafts support, laboratory space, and a variety of services including medical, fire, and food services.

3.4.2 Summary of the Present Conceptual Model

3.4.2.1 Geologic Framework

The CFA facilities cover an area roughly 2 mi in diameter. The Big Lost River bed is approximately 1.5 mi northwest of CFA at its nearest point. Groundwater (i.e., the SRPA) is approximately 480 ft bls.

As with other INEEL sites, CFA geology is comprised of a complex layering of basalt flows and thin sedimentary deposits. Each basalt flow group is comprised of numerous basalt lava flows that erupted from nearby vents. As described in previous chapters, each flow is typically composed of a basalt zone of highly permeable rubble; a lower vesicular zone; a dense, massive and jointed central zone; and upper vesicular zone; and a cap of slabby lava crust. Interbed sediments consist of fine-grained eolian and alluvial clays, silts, sands, and some gravels.

Lithologic information is available from only a few wells in the CFA area. Over a dozen sedimentary deposits have been encountered, but a stratigraphic correlation has not been developed. In general, the interbeds are thin and discontinuous and described as sand, silt, and clay. The saturated zone is approximately 480 ft bls. Several cross sections presented in the RI/FS are included here for convenience. Stratigraphic cross sections in the CFA area (adapted from Burgess et al. 2000) are shown in Figures 3-19 through 3-21.

3.4.2.2 Bulk Hydraulic Properties

Cation exchange capacities (CECs) were determined for a few interbed samples taken from the CFA landfills area. The average CEC is reported as 6.27 meq/100g in the RI/FS. Additional discussion in the RI/FS defaulted to information obtained from sedimentary cores taken near the RWMC facility, 7 mi further south.

Basalt hydraulic properties were not developed specifically for CFA, as the fate and transport modeling used a conservative approach where basalts were ignored (discussed further in subsequent sections). The reader is referred to discussions of basalt properties in Chapter 2 of this document.
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Figure 3‑18.  The CFA in the south-central part of the INEEL.

3.4.2.3 Inflow/Outflow

Local input of water is derived from aquifer underflow, precipitation, the Big Lost River, and waste-water disposal.

Underflow—Estimates of underflow at CFA that were derived from subregional numerical modeling studies do not provide fine enough resolution to adequately define underflow effects. 
Recharge from Precipitation—At CFA, there is little runoff or collection of precipitation except during heavy rainstorms or rapid snowmelt. High evapotranspiration rates (greater than 80% of the available water) result in very low infiltration rates. In CFA modeling work, a conservative value of 10 cm/yr was used for the infiltration rate.
Episodic Recharge—The Big Lost River bed runs nearby the CFA, however, all substantial flows are diverted upstream to the RWMC spreading areas. Very minimal volumes of water are observed in the CFA region. Estimates of recharge were not developed for the CFA.
Recharge from Wastewater Disposal—Two perched water zones had been detected at CFA from 1944 to 1995. These perched aquifers were caused by the CFA sewage treatment drainfield. The sewage treatment plan was deactivated in 1995 and the perched water zones dissipated shortly thereafter.
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Figure 3‑19.  Well map for CFA area indicating stratigraphic cross section lines (modified from Burgess et al. 2000).
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Figure 3‑20.  Stratigraphic cross sections in the CFA area (reproduced from Burgess et al. 2000).


[image: image23.wmf]
Figure 3‑21.  Stratigraphic cross sections in the CFA area (reproduced from Burgess et al. 2000).

Aquifer Discharge to Production Wells—Two production wells are in use at CFA. These wells provide potable water for offices, cafeterias, the fire department, etc. The effect of the water production on local aquifer flow has not been investigated.
3.4.2.4 Hydraulics

Infiltration through the CFA landfill covers was investigated (Keck et al. 1994) and the surface soils and vadose zone were found to be relatively dry, with the exception of a few localized drainage areas where snowmelt occasionally collected in small depressions. Hydraulic properties of deeper vadose zone features were not investigated in the 1994 work or in the 2000 RI/FS. Data collected from studies at the RWMC were utilized in the CFA conceptual model.

In general, investigators concluded that the movement of water through the vadose zone can be rapid during periods of saturation but slow during periods of low-water content, as the same features that contribute to rapid flow during saturated conditions (e.g., open fractures and large pores) impede water movement under unsaturated conditions (Keck et al. 1994).

The hydraulic gradient at CFA has been estimated to be 0.2 m/km (1 ft/mi; Lewis and Jensen 1984). Aquifer transmissivity calculated by Ackerman (1991) from nearby wells has ranged from a low of 0.9 m2/day (10 ft2/day) to a high of 68,400 m2/day (760,000 ft2/day). The median value is 5,040 m2/day (56,000 ft2/day). The lower values may be related to problems with well construction as well as heterogeneities in the aquifer system. Interestingly, in 1967 Barraclough et al. used a peak tritium discharge to the ICPP disposal well to calculate groundwater flow rates south of INTEC. Based on the arrival time of this peak in wells near the CFA, an average groundwater flow rate of 3.4 m/day (11 ft/day) was calculated. Aquifer storavity was estimated to be 0.0003, based on the barometric efficiency of two wells in the CFA area (Burgess et al. 2000).

3.4.2.5 Ground-Water Chemistry

The water at CFA is described as calcium bicarbonate, thought to be indicative of recharge from northern clastic and carbonate sedimentary rocks (Burgess et al. 2000).

3.4.2.6 Contaminant Transport

Source Term—A variety of waste generating processes contributed to the contamination at this site. In addition to industrial support facilities such as vehicle maintenance, welding, and other crafts, an industrial waste landfill, radiological laboratories, and radiological laundry facilities also operated at the CFA. During the RI/FS, individual sites were evaluated to identify contamination areas that had the potential to pose future human health risk. Thirteen individual contamination areas (contaminated soil sites) were characterized and the nature and extent of contamination was described. Doing so allowed investigators to define source terms for individual sites to support separate modeling efforts for each area. In general, the source terms were comprised of soils contaminated by heavy metals including lead, arsenic, and mercury; radionuclides including Am-241, Ra-226, C-137, Ag-108, and U-235/238; and organic compounds associated with petroleum products. 
In support of the RI/FS for CFA, the mass of contaminant of interest in the CFA surface soils were estimated primarily by results of soil sampling. Individual source volumes were estimated and the concentration indicated by sampling was distributed evenly across the element volume. Estimated masses or activities for each contaminant of interest are presented in Section 6 of the RI/FS. As the sources of contamination at CFA are contaminated soil sites, the mechanism of release is leaching of contaminants by precipitating soil moisture. 

As with other facilities across the INEEL, release rates have not been directly measured at CFA. Instead, contaminant flux into the vadose zone is estimated using contaminant specific distribution coefficients and average infiltration rates. Leaching from the source term is assumed to be a first order process where the fraction leached is constant and the contaminant flux is proportional to the source term for the contaminant (Burgess et al. 2000).
Vadose Zone Transport—As described by Burgess et al. (2000), contaminant movement in the vadose zone is controlled by the water infiltration rate, contaminant specific sorption coefficients, and hydraulic properties of the interbeds. In the CFA conceptual model, effects of basalt sequences on contaminant movement are ignored. Each contaminant source area is assigned a combined sedimentary thickness, which was derived from drilling logs of nearby wells. Sedimentary sequences are assumed to retard water and contaminant movement, unit gradient conditions are assumed throughout the unsaturated zone. Lateral flow across and between sedimentary lenses is not considered. Dispersion and diffusion are also not accounted for in the vadose zone. 
Aquifer Transport—The conceptual model treats the saturated zone as a homogenous isotropic aquifer of infinite lateral extent and finite thickness (Burgess et al. 2000). Contaminants disperse horizontally and vertically as they move downgradient. As described previously, gradients are shallow in the CFA area and flow direction(s) is not completely understood. However, for fate and transport estimating purposes, the flow direction is considered to be directly south.
Extent of Contamination—Twenty-five contaminants (including VOCs and inorganic and radiological chemicals) have been detected in CFA groundwater monitoring wells. Contaminants such as chromium, nitrate, TCE, tritium, strontium, cesium, plutonium, and americium have impacted groundwater quality in the CFA area (Orr and Cecil 1991). As discussed in the RI/FS (Burgess et al. 2000), the available groundwater data are inconclusive to support identification of the sources of contamination. Inconsistencies in monitoring efforts also confound the analysis. In general, the majority of the groundwater contaminants detected at CFA are thought to be derived from waste generating processes at INTEC. A series of wells upgradient of the CFA indicate that contaminants such as chromium, I-129, and H-3 are migrating from INTEC. Several contaminants (i.e., TCE and zinc) may be derived from local CFA sources. Interestingly, the elevated concentrations of zinc are thought to be attributable to the use of galvanized components in the monitoring wells (Burgess et al. 2000).

3.4.3 Numerical Analyses

Investigators developed a transport model for CFA using GWSCREEN (Rood 1994) to estimate future contaminant concentrations for purposes of evaluating human health risk for the groundwater pathway. Two separate modeling efforts were performed; the first effort documented in Keck et al. (1994) focused on the CFA landfills, the second effort by Burgess et al. (2000) encompassed the entire CFA area. The modeling approaches were very similar. The latter effort performed in support of the comprehensive RI/FS, is described here. Because the CFA operations did not generate significant volumes of hazardous waste (in comparison to other INEEL facilities) and the probability of potential groundwater risk was thought to be low, a conservative and simplistic modeling approach was considered adequate (Burgess et al. 2000). In the GWSCREEN model, the vadose zone was considered to be a homogeneous, isotropic porous media with constant unidirectional (downward) flow. Unsaturated flow was modeled through sediments only. The unsaturated basalt sequences were excluded from the model, as results of the LSIT indicated rapid flow through a dense fracture network. The sedimentary interbeds and surficial sediment thicknesses were summed and assigned conservative sorption coefficients for contaminants of interest. Infiltration was considered to be spatially uniform.

The initial aquifer thickness at the point that contaminants intersect the aquifer was set at 15 m (49 ft). This averaging concentration depth was based on the default Track 2 length of the well screen (DOE-ID 1994). At the downstream receptor locations, contaminants are considered to diffuse across an aquifer thickness of 76 m (250 ft). 

Saturated zone parameters, including effective porosity, pore velocity, and dispersivity, were obtained from the default INEEL Track 1 and 2 guidance manuals (DOE-ID 1994). For the aquifer model, investigators used a vertical dispersivity value that was 10 times less than the transverse dispersivity to add conservatism to the fate and transport estimates. Table 3-4, adapted from the RI/FS (Burgess et al. 2000) summarizes the parameters used in the contaminant fate and transport modeling.

Table 3‑4.  GWSCREEN parameters and the values used for transport modeling (adapted from Burgess et al. 2000).

	Parameter Description
	Valuea
	Units

	Infiltration rate (Darcy flux)
	0.1
	m/yr

	Aquifer pore velocity
	570
	m/yr

	Volumetric water content in source
	0.3
	Unitless

	Volumetric water content in unsaturated zone
	0.3
	Unitless

	Bulk density at source
	1.5
	g/cm3

	Bulk density in unsaturated zone
	1.5
	g/cm3

	Bulk density of aquifer
	1.9
	g/cm3

	Sorption coefficient in sourceb
	Contaminant-specific
	mL/g

	Sorption coefficient in unsaturated zoneb
	Contaminant-specific
	mL/g

	Sorption coefficient in aquiferb
	Contaminant-specific
	mL/g

	Porosity of aquifer
	0.1
	Unitless

	Depth to aquifer below contamination zonec
	Site-specific
	m

	Dispersivity in the direction of aquifer flow
	9
	m

	Dispersivity perpendicular to direction of flow
	4
	m

	a. Values are default Track 2 numbers (unless otherwise noted).

b. Sorption coefficients are, in this analysis, identical for source, unsaturated, and saturated zones.

c. Depth to aquifer is the cumulative vadose zone interbed thickness of each site.


Results of the fate and transport modeling indicated that peak groundwater concentrations would be low and that the time of peak concentration would be thousands of years in the future for most contaminants. The subsequent risk analysis determined that groundwater exposure routes would not pose an unacceptable risk for any contaminant. The model predictions are thought to overestimate the actual concentrations due to the conservative assumptions made during the modeling effort. Although no model calibration was performed, these results are not inconsistent with the observed near-background concentrations of CFA contaminants observed in the monitoring wells.

3.4.4 Summary of Competing Hypotheses and Additional Data Requirements

Because CFA does not pose significant groundwater problems, a detailed conceptual model for this site has not been developed. The contaminant fate and transport work performed in support of the RI/FS utilized generalized model parameters from guidance documents. A comprehensive set of site-specific characterization data was not needed and therefore, not compiled. The DOE elected to use a simplistic and conservative approach to estimate leaching of contaminants into the aquifer.
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3.5 Auxiliary Reactor Area and the Power Burst Facility

3.5.1 Background

The Auxiliary Reactor Area (ARA) and the Power Burst Facility (PBF) are two historic operational areas co-located in the south-central portion of the INEEL, north of Highway 20 (Figure 3-22). The ARA, formerly referred to as the Army Reactor Area, consisted of four separate operational areas: ARA-I; ARA-II; ARA-III; and ARA-IV. These facilities, which were constructed in 1957, have been decontaminated, decommissioned, and dismantled. The PBF, once known as the Special Power Excursion Reactor Test (SPERT) facilities, initially consisted of four reactors (SPERT I through IV) that began operation between 1956 and 1961. A fifth reactor, the PBF reactor, was constructed to the north of SPERT I in 1972. Since the mid-1980s, the PBF reactor was placed on stand‑by status and several of the facilities at the PBF area have been decontaminated, decommissioned, and dismantled. In 1998, the PBF reactor was placed in shutdown status and is currently preparing for defueling. Other PBF facilities have been modified to support waste management activities at the INEEL. Further information regarding the ARA and PBF facilities, including their operational history and potential sources of contamination, can be found in the Record of Decision for the Power Burst Facility and Auxiliary Reactor Area (DOE-ID 2000). 

3.5.2 Summary of the Present Conceptual Model

A detailed conceptual model has not been developed for the ARA/PBF site. Because the potential groundwater risks associated with past activities were considered relatively low, there has not been a large effort to characterize the hydrologic system or to monitor potential contaminant transport pathways. What site-specific information is available was developed in support of the OU 5-12 Comprehensive RI/FS (Holdren et al. 1999), as summarized in this chapter. This section does not present any original hydrogeologic work, but simply summarizes technical elements that contribute to the conceptual model. 

3.5.2.1 Geologic Framework

The ARA/PBF area encompasses 55 individual contamination sites spread across two operational areas. The contamination sites are relatively small in size, but are located across an area of roughly 16 mi2. Groundwater (i.e., the SRPA) is approximately 189 m (620 ft) bls at the ARA site and 139 m (455 ft) at PBF. 

As with other INEEL sites, ARA/PBF geology is comprised of a complex layering of basalt flows and thin sedimentary deposits. Each basalt flow group is comprised of numerous basalt lava flows that erupted from nearby vents. As described in previous chapters, basalt flows are typically described as slabby pahoehoe with vesicular cooling rinds and diktytaxitic flow centers. In the ARA/PBF area, basalt flows are the dominant surface features and surface sediments are generally thin. Interbed sediments consist primarily of fine-grained clays, silts, and sands. Although a range of grain size has been described, this site is generally considered to be an area of eolian deposition (Holdren et al. 1997).

Lithologic information is available from 10 groundwater monitoring wells in the ARA/PBF area. Similar to other INEEL sites, numerous sedimentary deposits were encountered, but a complete stratigraphic correlation has not been developed. In general, the interbeds are thin and discontinuous and described as sand, silt, and clay. Well logs presented in the RI/FS (Holdren et al. 1999) are included here for convenience (see Figures 3-23, 3-24, and 3-25).
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Figure 3‑22.  The Auxiliary Reactor Area (ARA) and the Power Burst Facility (PBF) are two historic facilities co-located in the south-central part of the INEEL.

3.5.2.2 Bulk Hydraulic Properties

Surface soils at the site are relatively thin. Data from well logs indicate that the average surface sediment thicknesses are 0.4 m (1.5 ft) at ARA and 3 m (10 ft) at PBF (Holdren et al. 1997). 

Cumulative sedimentary interbed thicknesses are reported as 5.4 to 17.6 m (18 to 58 ft) beneath ARA and 3 to 13 m (10 to 42 ft) under PBF (Holdren et al. 1997). Although not fully characterized, the interbeds at ARA/PBF are thought to be discontinuous and limited in areal extent.

Basalt hydraulic properties were not developed specifically for this site as the fate and transport modeling used a conservative approach where basalts were ignored (discussed further in subsequent sections). Refer to discussions of basalt properties in Chapter 2 of this document.

3.5.2.3 Inflow/Outflow

Underflow—Estimates of underflow at ARA/PBF that were derived from subregional numerical modeling studies do not provide fine enough resolution to adequately define underflow effects.

Figure 3‑23.  Well locations in the ARA/PBF area (adapted from Holdren et al. 1999).
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Figure 3‑24.  Well logs in the ARA/PBF area (adapted from Holdren et al. 1999).
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Figure 3‑25.  Well logs in the ARA/PBF area (adapted from Holdren et al. 1999).

Recharge from Precipitation—Rain and snow precipitation is relatively low in the INEEL region. At the ARA/PBF site, there is little runoff or collection of precipitation except during heavy rainstorms or rapid snowmelt. High evapotranspiration rates (> 80% of the available water) result in very low infiltration rates. In ARA/PBF modeling work, the Track 2 default value of 10 cm/yr (4 in./yr) was used for the infiltration rate. This value is considered to be conservative, as infiltration rates derived from soil moisture monitoring at other INEEL facilities (Magnuson and McElroy 1993; Miller et al. 1990) were lower (Holdren et al. 1999). 
Episodic Recharge—There are no significant surface water features at ARA/PBF. The Big Lost River channel turns to the north and runs approximately 7 mi to the west of the facilities. Surface water flow may occur at the ARA and PBF under certain conditions, but is usually rare. Generally, such flow is most likely in the spring when rare, heavy rains combined with warm temperatures, melting snow, and frozen ground may result in overland flow and ponding of water in depressions. There is no consistent local source of natural recharge to the aquifer at the ARA or PBF (DOE‑ID 2000). PBF areas are influenced solely by variations in regional sources of recharge to the north, northeast, and northwest.
Recharge from Wastewater Disposal—Wastewater discharges from the various PBF-area facilities have largely ceased, and disposal to the two PBF injection wells ended in the late 1970s. Regular use of the percolation ponds associated with the several SPERT facilities ended with the SPERT program. Because no significant local sources of recharge exist and production-well withdrawals are small, water levels in the ARA and PBF region are basically unaffected by anthropogenic recharge/discharge.
Aquifer Discharge to Production Wells—The effects of production wells on local aquifer gradients were investigated during the Comprehensive RI/FS (Holdren et al. 1999). Investigators concluded that the production wells did not affect groundwater gradients.
3.5.2.4 Hydraulics

Hydraulic characteristics of the unsaturated zone have not been developed specifically for the ARA/PBF. Fate and transport modeling conducted in support of the RI/FS utilized generic INEEL parameters, as discussed further in subsequent sections. Perched water has not been observed at the site. 

The hydraulic gradient of the aquifer varies widely at the ARA/PBF. As reported in Holdren et al. (1999), the general gradient is approximately 0.8 m/km (4 ft/mi) to the south and southwest. At PBF, however, a localized gradient of 4 m/km (23 ft/mi) to the southeast has been observed. An evaluation of elevation data, well construction details, barometric data, and production well pumping data concluded that the variability in gradient was attributable to structural heterogeneities in the aquifer. The water table contour map developed in Holdren et al. (1999) is presented here for convenience (see Figure 3-26).

The detailed water level evaluations also identified a potentially confined (or semi-confined) portion of the aquifer at depth. The Site 9 well, located roughly 1 mi north of Highway 20, shows an elevated hydraulic head (3.7 m higher than expected based on elevations in nearby wells). The Site 9 well is screened at a depth of 160 m (525 ft) below the water level. It is suggested in Holdren et al. (1999) that the elevated head is indicative of a confined or semi-confined conditions at depth, possibly caused by two substantial sedimentary layers observed at depth. The transmissivity in the region varies from 130 to 110,000 ft2/d at ARA-II (DOE-ID 2000).

[image: image27.png]\ \ PBF 30: - ——————
© N Moo gacnvwe, _ PBFMong 7~ - -
N R Tl e
\ NI N o A I i - 450,
N N\ Warm Wasto Inj. Wet, - ~ & ~ ~
~ ~ ~ ~ o ~ - ~ ~ ~
> ~ o PBRMan + T~ o ~
qusesd < T~~~ ~ N N
- ~ ~N N
~<_ ~ -SPERT = ~ N X
~— e — — N N N
T — N N N
- % N ARER|
. - i \ N
- PETSTINN o ey
— — — = 7 TSTFMon2A- \ N \"‘lsq \]
STFPiea — IR S \ Ny N N -
- N7 N fRAMOnBA \ ' \ ~ ~
- ) N
-7, o Site9 \\ \ \\ N 4453 -
R 7 oMRE S~ \ \ . N
~ \ \ARA-| @ ARAWMon 4 H50.
N ~
STFMon 1A N \ \\5 >~ > N
\ \RACor3 AFlA\qu1 \44
= N NARA Mon 2"~ ~ %
N |
< Us20p26

7/

USGS 107
L]

EXPLANATION

(| Individual Facility

® Aquifer Well (data used in contouring)
o

A

Aquifer Well (data unavailable or .
not used in contouring) Miles

Shallow Injection Well 0 1 2 3

J— Improved Road 0 1 2 BE) 4 5
Kilometers

WAG5J898002




Figure 3‑26.  ARA/PBF aquifer gradient and well locations (adapted from Holdren et al. 1999).

3.5.2.5 Ground-Water Chemistry

Groundwater at the ARA/PBF has not specifically been characterized. However, water from the SRPA in the southern half of the INEEL typically is enriched in calcium, magnesium, and bicarbonate (Knobel et al. 1997). Aquifer water underlying the site would be similar in composition. The background concentrations of sodium, chloride, sulfate, and nitrate are 10, 15, 10 to 40, and 5 mg/L, respectively (Robertson et al. 1974). 

3.5.2.6 Contaminant Transport

No regional contaminant plumes are believed to be present beneath the ARA and PBF, and fate and transport modeling does not indicate that future contamination in excess of risk-based concentrations from sources at the ARA and PBF will occur. 

Source Term—Fifty-five individual contamination sites were originally identified at the ARA/PBF. The sites consisted primarily of localized surface and subsurface soils that were contaminated by a range of past practices, such as small unlined impoundments used to dispose of research wastewater, septic leach fields, reactor coolant water blowdown pits, and windblown contaminated soils resulting from the 1961 SL-1 reactor accident. Based on the results of the RI/FS site characterization and screening process, 14 of the 55 sites were retained for risk analysis. The primary contaminants identified were heavy metals and fission products from the reactor operations. Detailed information regarding the contamination sources at the ARA and PBF, including the volumes of the contaminants, is found in the ROD (DOE‑ID 2000).
In support of the RI/FS for OU 5-12, the mass of contaminant of interest in the surface soils was estimated primarily by results of soil sampling. Individual source volumes were estimated and the concentration indicated by sampling was distributed evenly across the element volume. Estimated masses or activities for each contaminant of interest are presented in the RI/FS (Holdren et al. 1999). As the sources of contamination are contaminated soil sites, the mechanism of release is leaching of contaminants by precipitating soil moisture. As with other facilities across the INEEL, release rates have not been directly measured. Instead, contaminant flux into the vadose zone is estimated using contaminant specific distribution coefficients and average infiltration rates.

Vadose Zone Transport—As described in Holdren et al. (1999), contaminant movement in the vadose zone is controlled by the water infiltration rate, contaminant-specific sorption coefficients, and hydraulic properties of the interbeds. In the conceptual model, effects of basalt sequences on contaminant movement are ignored. Each contaminant source area is assigned a combined sedimentary thickness, which was derived from drilling logs of nearby wells. Sedimentary sequences are assumed to retard water and contaminant movement; unit gradient conditions are assumed throughout the unsaturated zone. Lateral flow across and between sedimentary lenses is not considered. Dispersion and diffusion are also not accounted for in the vadose zone. 

Aquifer Transport—The ARA/PBF conceptual model treats the saturated zone as a homogenous isotropic aquifer of infinite lateral extent and finite thickness. Contaminants disperse horizontally and vertically as they move downgradient. 
Extent of Contamination of Groundwater at ARA and PBF—The nature and extent of SRPA contamination at the ARA and PBF were evaluated during the RI/FS through analysis of samples collected from eight groundwater monitoring wells and the SPERT-I production well. Beryllium, iron, arsenic, and lead were detected in at least one groundwater sample at concentrations exceeding either the risk-based concentration or MCL. As discussed in the RI/FS, however, concentrations of these contaminants were not attributed to sources at the ARA or PBF and beryllium, iron, and arsenic were deemed not to pose an unacceptable risk. Five wells had at least one groundwater sample with detected lead concentrations exceeding the 15-(g/L standard. These elevated lead concentrations were likely attributable to galvanic corrosion from the original well construction materials, which were subsequently replaced. Nitrate had also been detected in the past at elevated concentrations in samples drawn from the aquifer at the PBF. Organic compounds had been detected infrequently and generally at low concentrations. Radionuclide concentrations were essentially at background levels in the PBF production wells. 

3.5.2.7 Numerical Analyses

To estimate future contaminant concentrations for purposes of evaluating human health risk for the groundwater pathway, investigators developed a transport model using GWSCREEN (Rood 1994). Site characterization data were insufficient to support a complex modeling approach. Additionally, because the probability of potential groundwater risk was thought to be low, a conservative and simplistic modeling approach was considered adequate (DOE-ID 2000). 

In the GWSCREEN model, the vadose zone was considered to be a homogeneous, isotropic porous media with constant unidirectional (downward) flow. Unsaturated flow was modeled through sediments only. The unsaturated basalt sequences were excluded from the model, as results of the LSIT indicated rapid flow through a dense fracture network. The sedimentary interbeds and surficial sediment thicknesses were summed and assigned conservative sorption coefficients for contaminants of interest. Infiltration was considered to be spatially uniform.

The initial aquifer thickness at the point that contaminants intersect the aquifer was set at 15 m (49 ft). This averaging concentration depth was based on the default Track 2 length of well screen (DOE‑ID 1994). At the downstream receptor locations, contaminants are considered to diffuse across an aquifer thickness of 76 m (250 ft). 

Saturated zone parameters including effective porosity, pore velocity, and dispersivity were obtained from the default INEEL Track 2 guidance manuals (DOE‑ID 1994). For the aquifer model, investigators used a vertical dispersivity value that was 10 times less than the transverse dispersivity to add conservatism to the fate and transport estimates. Table 3-5, adapted from the RI/FS (Holdren et al. 1999), summarizes the parameters used in the contaminant fate and transport modeling.

Solubility limits were ignored in the release and transport modeling. Solubility limits were conservatively assumed to be essentially infinite; assigning a value of 1.0 E+6 mg/L allowed leachate concentrations to exceed the solubility limit (Holdren et al. 1999). Contaminant specific distribution coefficients were obtained from Track 2 guidance and Dicke (1997).

Results of the fate and transport modeling indicated that peak groundwater concentrations would be low and that the time of peak concentration would be thousands of years in the future for most contaminants. The subsequent risk analysis determined that groundwater exposure routes would not pose an unacceptable risk for any contaminant. The model predictions are thought to overestimate the actual concentrations due to the conservative assumptions made during the modeling effort. Although no model calibration was performed, these results are not inconsistent with the observed near-background concentrations of ARA/PBF contaminants.

Table 3‑5.  Parameters used in ARA/PBF numerical modeling (adapted from Holdren et al. 1999).

	Parameter
	Value

	Net Infiltration Rate
	0.10 m/yr

	Moisture Content (source)
	0.3 m3/m3

	Moisture Content (unsaturated)
	0.3 m3/m3

	Solubility limit
	1.0 E +6 mg/L

	Porosity (saturated)
	0.1 m3/m3

	Aquifer pore velocity
	570 m/yr

	Longitudinal dispersivity (saturated)
	9 m

	Transverse dispersivity (saturated)
	4 m

	Vertical dispersivity (saturated)
	0.4 m


3.5.3 Summary of Competing Hypotheses and Additional Data Requirements

Because the site does not pose significant groundwater problems, a detailed conceptual model for this site has not been developed. The contaminant fate and transport work performed in support of the RI/FS utilized generalized model parameters from guidance documents. A comprehensive set of site‑specific characterization data was not needed and not compiled. The DOE elected to use a very simplistic and conservative approach to estimate leaching of contaminants into the aquifer.
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3.6 Boiling Water Reactor Experiment

The Boiling Water Reactor Experiment (BORAX) site is located in the southwestern portion of the INEEL, south of Highway 20 approximately 1 mi northeast of the RWMC (Figure 3-27). This is the original location of the historic BORAX-I reactor.

3.6.1 Background

The BORAX-I reactor was constructed in 1953 as a small, simple, and inexpensive light-water reactor. As described in the Comprehensive RI/FS for WAGs 6 and 10 (DOE-ID 2001), this type of reactor had a uranium core that was water cooled in an open “swimming pool” type tank and could only be operated in the summer months. The reactor was used to test extreme excursions where the control rod would be ejected suddenly causing the reactor power to spike within milliseconds and vaporize the water in the surrounding tank. The tests reportedly ejected water to a height of 30 ft above the reactor. 

As described in Holdren et al. (1995), the reactor was deliberately destroyed in the final excursion in July 1954. The test was designed to melt down the fuel rods with 80 megawatts of energy. However, within a few seconds of the ejection of the fuel rod, the reactor peaked at an estimated 135 megawatts. The resulting explosion displaced the entire reactor superstructure and disintegrated the reactor vessel. Debris was scattered over 84,000 ft2 of ground. During subsequent cleanup activities, the remaining aboveground structures were removed and the reactor was buried in place. Fragments found in the area had activities as high as 50 R/hr. The area contaminated from the excursion was covered with gravel. 

In December 1995, DOE signed a ROD, which called for containment by capping with an engineered, long-term barrier (DOE-ID 1996). The remedial action began in July 1996. Contaminated soil was excavated and a human intrusion barrier was constructed over the consolidated soils consisting of basalt riprap. A chain link fence was installed around the burial ground with “Keep Out” and CERCLA identification signs. Two granite monuments were also installed to warn potential future intruders. 

In addition to the original BORAX-I reactor, other reactors were located and tested at this site. For example, the BORAX V experiment resulted in a variety of below ground artifacts including concrete foundations, two reactor vessels, a water storage pit (now dry), an equipment pit, a subreactor room, a utility pipe trench, a stream pipe trench, and a dry storage pit. A leach pond and drainage ditch associated with the BORAX II through V reactor experiments are also located at this site. All of the BORAX facilities were remediated, the subsurface structures were entombed with soil and concrete, and the surface structures were excavated and covered.

3.6.2 Summary of the BORAX Conceptual Site Model

A detailed conceptual model has not been developed for BORAX. Because the potential groundwater risks associated with past activities were considered relatively low, there has not been a large effort to characterize the hydrologic system or to monitor potential contaminant transport pathways. What site-specific information is available was developed in support of the Comprehensive RI/FS for WAGs 6 and 10 (DOE-ID 2001) and the RI/FS for OU 5-05 and 6‑01 SL‑1 and BORAX I Burial Grounds (Holdren et al. 1995), as summarized in this chapter. This section does not present any original hydrogeologic work, but simply summarizes technical elements that contribute to the conceptual model.

3.6.2.1 Geologic Framework

Groundwater (i.e., the SRPA) depth is reported as 177 m (580 ft) bls, as measured at the nearby EBR-1 well in the BORAX-I RI/FS (Holdren et al. 1995), but is reported as approximately 196 m (640 ft) bls in the Comprehensive RI/FS for WAGs 6 and 10 (DOE-ID 2001).
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Figure 3‑27.  The site of the original Boiling Water Reactor Experiment (BORAX) is located in the southwest part of the INEEL.
As with other INEEL sites, the geology of the BORAX site is comprised of a complex layering of basalt flows and thin sedimentary deposits. Each basalt flow group is comprised of numerous basalt lava flows that erupted from nearby vents. Interbed sediments in the area consist primarily of fine-grained clays, silts, and sands considered to be of eolian deposition. Site-specific geologic data have not been collected for BORAX. 

Lithologic information is available from one well located at the nearby EBR‑I site. Similar to other INEEL sites, numerous sedimentary deposits were encountered but a stratigraphic description has not been developed specifically for BORAX. Combined sediment thickness for all interbeds in the vadose zone is reported as 19.5 m (64 ft) based on lithologic information from the nearby EBR-1 well (Holdren et al. 1995).

3.6.2.2 Bulk Hydraulic Properties

Hydraulic properties have not been described specifically for BORAX basalts and sedimentary units. The fate and transport modeling utilized default values from INEEL Track 2 guidance (DOE‑ID 1994).

3.6.2.3 Inflow/Outflow

Underflow—Estimates of underflow at BORAX that were derived from subregional numerical modeling studies do not provide fine enough resolution to adequately define underflow effects.
Recharge from Precipitation—Rain and snow precipitation is relatively low in the INEEL region. BORAX is located on a topographic high where there is little runoff or collection of precipitation except during heavy rainstorms or rapid snow melt. High evapotranspiration rates (greater than 80% of the available water) result in very low infiltration rates. In BORAX fate and transport modeling work, the Track 2 (DOE-ID 1994) default value of 10 cm/yr (4 in./yr) was used for the infiltration rate. This value is considered to be conservative based on actual infiltration rates derived from interbed moisture monitoring at the nearby RWMC facility (Magnuson and McElroy 1993). 
Episodic Recharge—There are no significant surface water features at this site. The Big Lost River channel turns to the north and runs approximately 1 mi to the west of BORAX. Any potential effects of the river on aquifer recharge have not been investigated at this site.
Recharge from Wastewater Disposal—Wastewater discharges from the various BORAX reactors ended in 1964 (DOE-ID 2001). Because no significant local sources of recharge exist and there are no production wells, water levels in the BORAX area are unaffected by anthropogenic recharge or discharge.
3.6.2.4 Hydraulics

Hydraulic characteristics of the unsaturated zone have not been developed specifically for BORAX. Fate and transport modeling conducted in support of the RI/FS utilized generic INEEL parameters, as discussed further in subsequent sections. INEEL hydrologists supported the OU 6-01 RI/FS by treating unsaturated zone flow as a constant, steady-state process through the sedimentary layers under unit gradient conditions. They concluded that, “an adequate, physically based hydrologic description of water movement through the fractured basalt portion of the vadose zone under background or normal infiltration conditions is lacking. Theoretical descriptions are available, but the applicability to water movement under background infiltration conditions at the INEL has not been demonstrated” (Holdren et al. 1995, Appendix C).

The hydraulic gradient at this site has not been measured. In the RI/FS, aquifer velocity was estimated to be 570 m/yr (Holdren et al. 1995). The thickness of the aquifer was estimated to be 76 m based on Robertson’s (1974) work using tritium tracers. Water flow through the aquifer was assumed to exhibit constant and uniform linear velocities and dispersivities for purposes of the fate and transport modeling. The basalts were treated as homogeneous porous media with infinite lateral extent. 

3.6.2.5 Groundwater Chemistry

Groundwater at the BORAX site has not specifically been characterized. However, water from the SRPA in the southern half of the INEEL typically is enriched in calcium, magnesium, and bicarbonate (Knobel et al. 1997). Aquifer water underlying BORAX would be expected to be similar in composition. The background concentrations of sodium, chloride, sulfate, and nitrate are 10, 15, 10 to 40, and 5 mg/L, respectively (Robertson et al. 1974).

3.6.2.6 Contaminant Transport

No regional contaminant plumes are believed to be present beneath BORAX. Fate and transport modeling performed in support of the RI/FS indicated that future contamination would not exceed risk-based concentrations. 

The BORAX source term consists of soils and buried debris contaminated primarily by heavy metals and fission products from the reactor operations. Detailed radiological inventories were estimated by Holdren et al. (1995) based on the reactor operating history. For release modeling purposes, the inventory was assumed to be uniformly distributed across the source region. Uranium isotopes comprise a significant fraction of the inventory. Contaminants are leached by infiltrating water and the rate of release is considered to be governed by a first order leach rate constant, which is a function of infiltration rate and contaminant-specific partition coefficients.

As described by Holdren et al. (1995), contaminant movement in the vadose zone is controlled by the water infiltration rate, contaminant-specific sorption coefficients, and hydraulic properties of the interbeds. In the conceptual model, effects of basalt sequences on contaminant movement are ignored. The contaminant source area is assigned a combined sedimentary thickness, which was derived from drilling logs of nearby wells. The sedimentary sequences retard contaminant movement, as described by linear equilibrium partitioning coefficients. Water is assumed to flow through the unsaturated sediments in a constant, vertical direction under unit gradient conditions. Lateral flow across and between sedimentary lenses is not considered. Dispersion and diffusion are also not accounted for in the vadose zone.

For the purposes of conservatively estimating potential groundwater risk, the conceptual model treats the saturated zone as a homogenous isotropic aquifer of infinite lateral extent and finite thickness. Flow is considered to be uniform and unidirectional with no recharge or discharge sources. Contaminants disperse horizontally and vertically as they move downgradient and are uniformly mixed in the upper portion of the aquifer. Longitudinal and transverse dispersion is assumed to be constant. Sorption in the aquifer is described by linear equilibrium partitioning using distribution coefficients reported in the literature for basalts.

3.6.3 Numerical Analyses

Future contaminant concentrations were estimated for purposes of evaluating human health risk for the groundwater pathway using utilized GWSCREEN (Rood 1994). Investigators decided that site characterization data were insufficient to support a more complex modeling approach. Additionally, because the probability of potential groundwater risk was thought to be low, a conservative and simplistic modeling approach was considered adequate.

In the GWSCREEN model, the vadose zone was considered to be a homogeneous, isotropic porous media with constant unidirectional (downward) flow. Unsaturated flow was modeled through sediments only. The unsaturated basalt sequences were excluded from the model, as theoretical descriptions of fracture network flow were not considered defensible at that time. The sedimentary interbeds and surficial sediment thicknesses were summed and assigned conservative sorption coefficients for contaminants of interest using values from the Track 2 guidance (DOE-ID 1994) and other literature. Infiltration was considered to be spatially uniform.

Saturated zone parameters including effective porosity, pore velocity, and dispersivity were obtained from the default INEEL Track 2 guidance manuals (DOE-ID 1994). Table 3-6, adapted from the RI/FS (Holdren et al. 1995) summarizes the parameters used in the contaminant fate and transport modeling.

Table 3‑6.  Parameters used in BORAX numerical modeling (adapted from Holdren et al. 1995).

	Parameter
	Value
	Unit

	Net Infiltration Rate
	0.10
	m/yr

	Moisture Content (source)
	0.34
	m3/m3

	Moisture Content (unsaturated)
	0.34
	m3/m3

	Solubility limit
	1.0 E +6
	mg/L

	Porosity (saturated)
	0.1
	m3/m3

	Aquifer pore velocity
	570
	m/yr

	Longitudinal dispersivity (saturated)
	9
	m

	Transverse dispersivity (saturated)
	4
	m

	Vadose zone sediment thickness
	19.5
	m


Solubility limits were not incorporated into the release and transport modeling. Solubility limits were conservatively assumed to be essentially infinite; assigning a value of 1.0 E+6 mg/L allowed leachate concentrations to exceed the solubility limit (Holdren et al. 1995). Results of the fate and transport modeling indicated that peak groundwater concentrations would be low and that the time of peak concentration would be thousands of years in the future for most contaminants. The subsequent risk analysis determined that only uranium isotopes and progenies reached potential receptor locations at any significant concentration. The estimated risk contributed by the groundwater pathway fell below regulatory thresholds for concern (Holdren et al. 1995).

3.6.4 Summary of Competing Hypotheses and Additional Data Requirements

Because BORAX does not pose significant groundwater problems, a detailed conceptual model for this site has not been developed. The contaminant fate and transport work performed in support of the RI/FS utilized generalized model parameters from guidance documents. A comprehensive set of site‑specific characterization data was not compiled. The DOE elected to use a simplistic and conservative approach to estimate leaching of contaminants into the aquifer. Sondrup, Magnuson, Smith and Rood did however, in their characteristic veracity, analyze model sensitivity, concluding that the range in distribution coefficient values overshadowed uncertainties in other parameters (Holdren et al. 1995).
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3.7 Radioactive Waste Management Complex

Located in the southwestern quadrant of the INEEL (see Figure 3-28), the RWMC encompasses one of the largest radioactive and hazardous waste landfills in the world, referred to as the Subsurface Disposal Area (SDA). A wide variety of mixed, transuranic and low-level radioactive wastes from government, military, and commercial operations from around the country were placed in shallow excavations at the SDA between 1952 and 1970. Disposal of low-level radioactive wastes continues to the present day. The potential risk posed by the waste has been the subject of considerable study since that time.

This chapter summarizes the current conceptual model for the RWMC. It also serves as an index, or researcher’s guide, to previous investigations and sources of hydrologic information. This section does not present any original hydrogeologic work, but simply summarizes technical elements that contribute to the conceptual model. The conceptual model is discussed in general terms in Section 3.7.2, followed by detailed discussions of hydrologic information in subsequent sections. Factors affecting contaminant transport are presented in Section 3.7.2.5, which although it is not an exhaustive discussion of contaminant transport, presents several of the key topics currently under investigation. A history and comparison of the numerical models developed for the RWMC is presented in Section 3.7.3. Finally, a brief discussion of ongoing conceptual model controversy is found in Section 3.7.4.

3.7.1 Background

The DOE (and its predecessor, the Atomic Energy Commission [AEC]) has conducted characterization studies at this site intermittently over five decades. Although formal CERCLA requirements for investigation and possible remediation of this site were not imposed until 1991, geohydrologic investigations have been conducted since waste disposal activities began. In addition to the DOE, the USGS also conducted research at the site starting as early as 1952. 

In 1960, the AEC concluded that solid radioactive wastes could be disposed at the RWMC without undue risk, but that a potential for aquifer contamination did exist. They recommended that the site be used in an interim period until another site without an underlying aquifer could be identified (as reported in Barraclough et al. 1976). In the same year, the U.S. National Academy of Sciences concluded that the “movement of fluids through the vadose zone and the consequent movement of the radioisotopes are not sufficiently understood to ensure safety.” In the interest of better characterizing this disposal site, the USGS initiated an important study in 1971 (Barraclough et al. 1976) to describe some of the physical and chemical features controlling contaminant transport. Through the construction of the first 10 wells, the USGS established a lithologic framework and reported detection of trace amounts of radionuclides in the vadose zone. In 1988, the USGS began a formal study of the stratigraphy of volcanic and sedimentary units underlying the INEEL to identify features that might affect movement of wastes in the subsurface. This work continues today.

In the early 1980s the DOE established the RWMC Subsurface Investigation Program to obtain additional data related to the subsurface environment (DOE 1983). For example, a number of boreholes were instrumented to measure matric potential and hydraulic gradients at numerous locations in the surface sediments and at several locations in the interbed sediments. Monthly monitoring of the vadose zone instrumentation continued from 1985 to 1989. As concluded in McElroy (1990), data collected from these instruments, although inconclusive, indicated the possibility of downward moisture movement through the sedimentary interbeds and suggested that lithologic contacts between interbeds and basalt flows could control moisture distribution in the vadose zone. Additional documents of interest developed during that time include Hubbell et al. (1985, 1987, and 1990); McElroy (1988); Pittman (1989); and Davis and Pittman (1990). 
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Figure 3‑28.  The RWMC, encompassing the SDA, is located in the southwestern quadrant of the INEEL.

In December 1991, the DOE entered into a FFA/CO (DOE-ID 1991) with the EPA and the State of Idaho to implement the remediation of the INEEL. The goals of the agreement were to ensure that potential or actual releases of hazardous substances to the environment were thoroughly investigated and that appropriate response actions would be taken to protect human health and the environment. 

A preliminary conceptual model for the RWMC was described in Bargelt et al. (1992). This document summarized the current geohydrologic information and available data regarding the source term and contaminant distribution. The subsequent Work Plan for the Comprehensive RI/FS (Becker et al. 1996) provided a detailed compilation of available information and prescribed specific data collection efforts required to better characterize the RWMC in support of the CERCLA decision-making process. Since implementation of the FFA/CO, the majority of the geohydrologic work at the RWMC has been conducted in support of the comprehensive RI/FS. As a result, the investigations conducted at this site have had a strong regulatory focus (i.e., the primary objective of the studies has been to estimate future risk to support remedial decisions). The majority of the scientific investigations have been performed to this end. Data that would not directly influence the decision process were not typically acquired. 

When examined as a whole, many of the investigations appear to have been conducted independently of each other. Data collection efforts were often discontinuous and frequent changes in experimental designs limited comparability between studies. In general, investigators have worked in succession, building upon previous work, but changing program priorities and funding levels often resulted in discontinuous and inconclusive efforts. More recent work conducted under the RI/FS Work Plan (Becker et al. 1996) has been well coordinated, but other events have interrupted elements of the technical work (e.g., recent drought conditions have confounded tracer studies and perched water monitoring efforts).

Two important reports, the Interim Risk Assessment (Becker et al. 1998) and the Ancillary Basis for Risk Analysis (ABRA) of the SDA (Holdren et al. 2002), present a sophisticated contaminant fate and transport simulation and predict long-term risk posed by this site. The authors of these documents are acknowledged for their exceptional work, as well as the assistance they have provided to the Water Integration Project supporting the development of this document. The work presented in Holdren et al. (2002) is relied on heavily for information presented in this section. Additionally, in 1999, the USGS performed a thorough review of the Interim Risk Assessment document and subsequently drafted an administrative report that discusses many of the uncertainties associated with the conceptual model. This USGS work, yet unpublished, is likewise referenced frequently as USGS (1999).

3.7.2 Summary of the Current RWMC Conceptual Model

As described under the regional INEEL geology, the subsurface framework at the RWMC was established by a history of volcanic activity. The RWMC is underlain by thick sequences of basalt flows and a number of relatively thin lenses of sedimentary materials. The vadose zone at the RWMC is approximately 600 ft thick. Although the total SRPA thickness is uncertain, the current conceptual model considers the top 250 ft of the aquifer as its effective thickness in regards to contaminant transport. 

Local recharge to the aquifer is contributed primarily by annual precipitation and episodic flows of the Big Lost River. The release of contaminant mass from the waste zone is conceptualized as occurring primarily by three processes: surface wash off, diffusion, and/or dissolution. Estimates of flux of contaminants from the waste zone have been made by considering the form of the contaminants and rate of precipitation over a given area. This estimation is considered one of the greatest sources of uncertainty in the conceptual model since little data exist to substantiate the rate of past, present, or future releases. An extensive moisture-monitoring network has allowed researchers to develop spatially variable and, to a lesser extent, time-dependent infiltration rates for precipitation. 

Hydraulic characteristics of the basalt flows in the vadose zone are highly variable. Prior to the LSIT (discussed previously in Section 2), it had been assumed that the horizontal permeability significantly exceeded vertical permeability due to the highly fractured or rubbleized zones at flow interfaces. Because of the macro scale anisotropy, extensive lateral spreading was expected (Faybishenko et al. 2000). However, results from the LSIT indicated that vertical permeability was significantly greater than previously assumed and that lateral spreading appeared to occur at the sedimentary interbeds and not in rubble zones between flows. To complicate the model further, more recent tracer tests of water from the Big Lost River spreading areas give evidence that significant lateral flow, at least during flood conditions, may also be occurring in the interflow rubble zones.

The saturated zone (aquifer) structures are also known to be quite complex. Heterogeneous distribution of hydraulic properties affects distribution of contaminants horizontally and vertically in both the vadose zone and aquifer. Sedimentary interbeds have been encountered in the saturated zone but are thought to be relatively thin and discontinuous, although their extent and properties have not been thoroughly characterized. Groundwater flow at the RWMC is represented as flow through an effective porous media with a generally southwest gradient. However, a number of anomalous features complicate efforts to accurately model flow in this region. For example, several wells immediately south of the RWMC respond differently to regional stresses than adjacent wells, possibly indicating a region of low hydraulic conductivity coupling with episodic recharges from the Big Lost River spreading areas.

Some researchers maintain that fracture features, connectivity, and relationship to other geological features are critical to the understanding of contaminant movement at the RWMC. It has been suggested that a single porosity model may not adequately represent flow in fractured basalt (Faybishenko et al. 2000). Other researchers have stated “various processes are not well enough understood with respect to unsaturated-zone flow behavior to predict on a theoretical basis the effect on the spread of contamination” (USGS 1999). However, because of the relatively large area of the site and long time periods of interest, it is generally concluded that the flow through the basalt strata can be reasonably simulated by considering all flow to be through fractures, emulating an anisotropic medium with low effective porosity and high permeability, as described in Holdren et al. (2002). 

The sedimentary structures are likewise spatially variable in terms of elevation, thickness, composition, and hydraulic properties. Three substantial sedimentary layers in the vadose zone, referred to as the A-B, B-C, and C-D interbeds, corresponding to the adjacent basalt flows, are thought to be extensive enough to significantly affect water and contaminant movement. Earlier characterization of the interbeds, based on a few core samples, recognized the range in permeability and composition. For example, interbed samples ranged from gravels, such as in the B-C interbed where core recovery was very poor, to silty clays in the C-D interbed, which were much more amendable to core recovery. Previous numerical models of flow and transport represented these interbeds as homogenous units, largely composed of clay-sized materials. As recommended by the USGS, additional interbed coring work was performed in 1999 in an effort to obtain sufficient data to support modeling spatially variable interbed hydraulic properties. As a result, the most recent simulation work (Holdren et al. 2002) represents the B-C and C-D interbeds as spatially variable in thickness, elevation, and hydraulic properties based on available data.

Geochemistry, as it affects movement of contaminants through the vadose zone and aquifer, has been modeled primarily using distribution coefficients applied to the sedimentary structures. Because flow through the basalts is considered to occur through the fracture network, relatively little reaction is expected between dissolved contaminants and the basalt matrix. Some evidence exists of sedimentary infilling and precipitated minerals inside of the basalt fractures, which could retard contaminant movement. A conceptual approach to model this interaction was presented in Magnuson and Sondrup (1998), but was discontinued in the most recent model because the relatively limited fracture surface area resulted in negligible sorption.

Surficial and interbed sediment sorption has been modeled using linear reversible isotherms, described by partition coefficients. A set of partition coefficients has been assembled for the RWMC contaminants and sediments using a combination of literature values and site-specific data. Due to the complexity of the geochemical factors affecting the concentration of contaminants in solution, as well as the limited site-specific data, the sorption process is an uncertainty in the current conceptual model. In addition to difficulties obtaining representative sorption data, non-dissolved transport is also a possibility. Transport of contaminants in non-dissolved states (particulate forms) has been investigated in laboratory tests and, by way of sensitivity studies, has been incorporated into the conceptual model.

Recent contaminant transport simulations indicate that low levels of contamination will impact the aquifer in the future, but the resulting risk to humans and the environment will be relatively low (Holdren et al. 2002). Although the current conceptual model is generally considered an adequate and conservative tool for assessing risk, uncertainties remain in the representation of the subsurface hydrologic and geochemical systems. Holdren et al. (2002) summarizes, “Contaminants of particular interest for model calibration, such as C-14, uranium, and other actinides, are detected sporadically and at very low concentrations that do not describe migration trends. The low concentrations coupled with lack of trends cannot be emulated with any confidence.” 

3.7.2.1 Geologic Framework

The RWMC is located in the southwest portion of the INEEL, approximately 1 mi north of the southern INEEL boundary. The RWMC facility encompasses 174 acres, including the SDA, operational, and administrative areas. The site is in a topographic low, surrounded by basaltic ridges. The Big Lost River channel runs northeasterly, roughly 1.5 mi north of the RWMC. A diversion dam is used periodically to control flood waters on the Big Lost River, diverting water to a series of four playas (referred to as the spreading areas) approximately 1 mi southwest of the RWMC. The RWMC facility itself is protected by large dikes constructed to minimize ponding of snowmelt inside the facility.
Generally, the area of investigation is defined by the extent of monitoring wells that were constructed around the facility at roughly a 2-mi radius. The depth to the top of the aquifer ranges from 180 to 186 m (590 to 610 ft; Holdren et al. 2002). For modeling work in the interim remedial action (IRA) and in the ABRA, the horizontal simulation domain was defined as a rectangle approximately 27,000 ( 34,000 ft, which encompassed the RWMC, spreading areas, and a portion of the Big Lost River, as well as several new wells north of the RWMC. The thickness of the aquifer simulation domain in both the IRA and the ABRA was set at 250 ft (saturated zone only, not including any of the vadose zone). This assumed aquifer thickness is consistent with that used in other INEEL modeling studies from the 1970s to current work (e.g., INTEC and WAG 10 modeling studies). Although recent estimates of saturated zone thickness are substantially greater, use of the thinner saturated zone in the conceptual model is considered to be conservative, as it would tend to overestimate contaminant concentrations. 

Investigators have installed over 100 wells in the RWMC area since 1976, resulting in a representative stratigraphic description. Data resulting from well cuttings, cores, geophysical logs, potassium-argon ages, and geomagnetic properties were collected from many of the wells. Stratigraphic control was provided by four sequential basalt flows that have reversed geomagnetic polarity and high gamma emissions (Anderson and Lewis 1989). From these data, a reasonably comprehensive picture of subsurface geology could be drawn. Figures 3-29 and 3-30 (from Holdren et al. [2002]) present cross‑sections through the SDA area.
As described in Section 2, the subsurface geology of this area is characterized by interlayered basalt flows and sedimentary deposits of Quaternary age. In the RWMC region, there are at least 10 sedimentary interbeds and 11 basalt flow groups between the surface and top 200 ft of the SRPA (Anderson and Lewis 1989; Anderson and Bartholomay 1995; Anderson et al. 1996). The number and ages of basalt flows in the saturated zone is uncertain due to the limited number of cores available (USGS 1999). Sedimentary deposits consist of fluvial, lacustrine, and eolian deposits of clay, silt, sand, and gravel. Basalt accounts for 90% of the volume of this stratigraphic section (Anderson et al. 1996). Average thicknesses for the flow groups ranges from 22 to 167 ft. Average thicknesses for interbeds range from zero (where flow groups intersect) to over 30 ft for the deeper C-D interbed (Anderson and Lewis 1989; Holdren et al. 2002). Due to the irregular topography of the basalt flows, the interbeds can exhibit abrupt changes in thickness.

The lithologic data presented in the cross-sections were derived primarily from the data compilation done by Anderson et al. (1996), with additions from wells drilled at 13 new locations by DOE in 1999. Leecaster (2002) performed a spatial variability assessment on this data set. The results of the statistical analysis were then used to predict the upper elevations and thickness of the surficial sediments, and A-B, B-C, and C-D interbeds. The results of several different kriging methods were compared to actual data, and the most accurate approach was used to assemble the final lithology. (Note that the data below the D layer were too sparse to support modeling [Leecaster 2002]).

11 ( 17 figure to be inserted separately
Figure 3‑29. Stratigraphy beneath the RWMC (adapted from Holdren et al. 2002).

11 ( 17 figure to be inserted separately
Figure 3‑30.  Stratigraphy beneath the RWMC (adapted from Holdren et al. 2002).

As evident in Figures 3-29 and 3-30, the A-B interbed has been found to be discontinuous across the RWMC area. The B-C and C-D interbeds, although not fully characterized, are considered present at most locations in the domain. There are locations where well borings indicate that the B-C and C-D interbeds have zero thickness; that is, they are pinched out by basalt interfaces. The C-D interbed however, is thought to be continuous in the immediate vicinity of the RWMC; the only location where a gap in the C-D has been found is at well M7S, to the north of the facility. Figure 3-31, reproduced from Holdren et al. (2002), illustrates the variability in thickness for the B-C interbed. The upper plot superimposes the kriging results over actual thicknesses measured at each well. The lower plot indicates the numerical value for the kriging results for each grid block. As noted in the ABRA, the locations of zero thickness in the B-C and C-D interbeds were not statistically significant and do not carry over into the kriging results. 

3.7.2.2 Bulk Hydraulic Properties

Characterization of numerous core samples has demonstrated that the vadose zone and aquifer basalts are highly anisotropic and heterogeneous units, characterized by a dense network of fractures with high permeability. As described in Section 2, variable cooling patterns and structural stresses of the lava flows resulted in heterogeneous fracture patterns. Generally, the upper surfaces of individual flows are intersected by larger and more frequent fractures than flow centers and bottoms due to more rapid cooling. The basalt sequences are generally represented as a homogenous fracture flow network. Results of the LSIT, as discussed in Section 2, contributed significantly to the treatment of flow through the basalt. 

The inverse modeling done by Magnuson (1995) using the LSIT data is used to describe the field scale hydraulic properties for the basalts. In this study, it was demonstrated that flow in the fractured porous basalts could be adequately represented as a high‑permeability, low-porosity equivalent porous continuum using a Darcian description. The current numerical representation of water and contaminant movement was originally presented by Magnuson and Sondrup (1998). This representation served as the basis for both the Interim Risk Assessment (Becker et al. 1998) and the ABRA (Holdren et al. 2002). As described in Section 3.7.3, a number of improvements were made in the most recent work. Table 3-7, adapted from Holdren et al. (2002), summarizes the vadose zone hydraulic properties used in the ABRA simulation.

Table 3‑7.  Parameterization of hydrologic properties and source of parameters for surficial sediments, A‑B interbed, and fractured basalt.

	Parameter
	Permeability
	Porosity

	Surficial sediments
	680 mD, isotropic.

Average of calibrated properties in Martian (1995).
	0.50 cm3/cm3 (Martian 1995)

	A-B interbed
	4 mD

Waste Area Group 3 modeling.
	0.57 cm3/cm3 (Magnuson and McElroy 1993)

	Fractured basalt
	300 mD vertical and 9,000 mD horizontal in Magnuson (1995a).
	0.05 cm3/cm3 (Magnuson 1995a)

	mD = milliDarcy
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Figure 3‑31.  Kriged thickness results for the B-C interbed (reproduced from Holdren et al. 2002). Interbed thickness is spatially variable. The upper plot superimposes kriging results over measured thicknesses at each well; the lower plot indicates the kriged value for each grid block in the current RWMC numerical model.

Surficial Sediments—Surficial sediment deposits in the RWMC area originated primarily from glaciation and flood plains of the Big Lost River (Dechert et al. 1994; Rightmire and Lewis 1987b). Thickness ranges from 2 to 23 ft and is governed by the undulations of the topmost basalt flow (Anderson, Liszewski, and Ackerman 1996). Clay content in the RWMC surficial soils ranges from 36 to 50% (Chatwin et al. 1992; Lee et al. 1991). Quartz (37.5%), calcite (10%), iron oxy-hydroxide, and other minerals (2.55%) comprise the remainder (Lee et al. 1991). However, Chatwin et al. (1992) also reported high silt content (56%) in some areas.

One of the primary references for surficial sediment properties is McElroy and Hubbell (1990). Detailed descriptions of surficial soils can also be found in Voegeli and Deutsch (1953), Nace et al. (1956), Barraclough et al. (1976), Koslow and Van Haaften (1986), Rightmire and Lewis, (1987a, b), McDaniel (1991), Hughes (1993), and Dechert et al. (1994). Discussions of surficial sediment hydraulic properties can be found in Borghese (1988), Pudney (1994), Shakofsy (1995), Kaminsky (1991), and Bowman et al. (1984). 

Interbed Sediments—The uppermost interbed (referred to as the A-B interbed), with an approximate depth of 30 ft, was derived from eolian deposits of fine-grained silt and sand (McElroy et al. 1989) and floodplain deposits of very fine sand and silt (Hughes 1993). The deeper B-C and C-D interbeds, at average depths of 110 and 240 ft, respectively, were deposited by low energy fluvial channel systems and consist of sand, silt, and some gravel (Hughes 1993). Interbeds deeper than the C-D interbed have not been characterized, but are thought to be relatively thin and discontinuous and are not considered to significantly affect the fate and transport of contaminants (Holdren et al. 2002).
Early work to characterize interbed sediments was done by Rightmire and Lewis (1987b), Hughes (1993), and Barraclough et al. (1976). Bulk mineralogy shows an abundance of quartz and plagioclase feldspar, pyroxene, and clay minerals (primarily illite). Carbonate, primarily in the form of calcite, is also present at various locations ranging in concentration to over 50% (USGS 1999). Bartholomay (1990) provides bulk mineralogy by interbed depth. 

Saturated hydraulic conductivities were measured for a set of archived sediment core samples, as presented in McElroy and Hubbell (1990). Values ranged from 7e-03 to 1e-08 cm/sec, falling within literature values for sand, silty sand, silt and clay. In the same study, unsaturated hydraulic conductivity parameters were also calculated and presented. Reported unsaturated zone hydraulic conductivities vary by orders of magnitude for surface and interbed sediments (Barraclough et al. 1976; McCarthy and McElroy 1995).

Interbed lithologic variations, mineralogy, and hydraulic properties have not been fully characterized. Originally, sediments of the B-C and C-D interbeds were considered to consist of fine‑grained silt and clays and were thought to have been deposited in a shallow lake or playa (Anderson and Lewis 1989). Subsequent coring revealed a variety in material properties and depositional environment. It was clear from early work that the interbeds were heterogeneous. The paucity of cores and problems with intact core recovery also limited investigations. At the recommendation of the USGS (1999), DOE installed 22 additional wells at 13 locations and analyzed sedimentary cores for the B-C and C-D interbeds. In addition to stratigraphic data, porosity and permeability measurements were made on 112 core samples. The raw porosity and permeability measurements were found to vary significantly by location. These data were incorporated into the ABRA (Holdren et al. 2002). 

To support the development of the ABRA simulation, Leecaster (2001) developed a set of hydraulic characteristic data for the B-C and C-D interbeds. Using 112 samples from 32 locations in both the B-C and C-D interbeds, porosity and permeability were kriged onto the simulation grid. Hydraulic data from Barraclough et al. (1976), McElroy and Hubbell (1990), and Perkins and Nimmo (2000), as well as data from the 1999 I and O series wells, were compiled to support this analysis. An analysis of kriging error is also presented in Leecaster (2001). The kriged porosity and permeability for the B-C and C-D interbeds ranged from 0.22 to 0.48 and 200 to 4,000 mD, respectively. Porosity and permeability maps are presented in Holdren et al. (2002), although a detailed discussion relating kriged hydraulic data to potential geologic features has not yet been developed.

As first described by Magnuson (1995), modelers have assigned very low porosity and permeability values (0.05 and 1 mD, respectively) to the top surface of both the B-C and C-D interbeds in order to generate near saturation conditions and lateral movement in the simulation. This technique is thought to represent either a low permeability sedimentary feature at the top of the interbeds or a low permeability feature caused by fine sediments infilling fractures in the basalts immediately above the interbed. Additional discussion regarding properties of the sedimentary interbeds can be found in Rightmire and Lewis (1987a, b); Bartholomay et al. (1989); Liszewski et al. (1997); Liszewski et al. (1999); Barraclough et al. (1976); Rightmire (1984); Bartholomay et al. (1989); Burgess et al. (1994); and Reed and Bartholomay (1994). 

Basalt Flows—The RWMC basalt flows consist of medium to dark gray vesicular to dense olivine basalt. Average thicknesses of flow groups range from 22 ft for group A to 167 ft for group F (Anderson and Lewis 1989). The surface of the flows is highly undulating, characterized by ridges and depressions. As described in Chapter 2, the flows generally exhibit dense interiors and rubbly, vesicular surfaces cut by horizontal and vertical cooling fractures (Rightmire and Lewis 1987). Flows are thought to have originated from volcanic vents to the south of the present day RWMC (Kuntz et al. 1994). 
A significant amount of work has been done on the geology of the regional basalts. Depositional relations for individual flow groups were developed in Kuntz (1979) and Kuntz et al. (1980; 1984). Kuntz et al. (1980) also provides petrographic and paleomagnetic properties. Ages of flow groups were presented in multiple reports during the 1980s and 1990s and are summarized in Anderson and Liszewski (1997). 

Studies of geohydrologic properties of regional basalts are documented in Bishop (1991); Kuntz et al. (1980); Anderson and Liszwenski (1989); Anderson et al. (1996); Rightmire (1984); Rightmire and Lewis (1987); Hughes (1993); and Knutson et al. (1990), among others. Hydraulic conductivity for regional basalts is highly variable, depending on the structure of the flows (Rightmire and Lewis 1987). In addition, vertical conductivity is enhanced by fractures that penetrate each flow and horizontal conductivity is enhanced by vesicular and rubbly layers near the flow surfaces, as discussed previously. Faybishenko et al. (2000) reported hydraulic conductivity ranges from 0.003 to 0.9 m/day from work conducted at the nearby Box Canyon study site. The lowest values are thought to be associated with vesicular basalt and the larger values resulting from fractures.

Bishop (1991) conducted a series of studies on 29 vertically drilled and 17 horizontally drilled basalt cores. Saturated hydraulic conductivity was measured for each. The mean hydraulic conductivity was 8.42e-8 m/s for horizontal cores and 9.81e-7 m/s for vertical cores. However, the apparent anisotropy was contributed by three samples, which when removed from the set, resulted in virtually indistinguishable properties in both directions. Bishop (1991) did not expect the apparent vertical anisotropy to persist in field scale.

3.7.2.3 Inflow/Outflow

Barraclough et al. (1976) identified four recharge sources affecting RWMC groundwater. These sources include regional underflow in the SRPA from the northeast, infiltration from local precipitation, infiltration from the Big Lost River, and infiltration of stream flow diversions to the spreading areas. (Recharge from stream flow and spreading area diversions occurs episodically in response to melting of annual snow pack accumulations in the mountainous drainages of the Big Lost River.) Influence from precipitation and the Big Lost River are discussed in this section; regional aquifer flow was discussed previously in Section 2.

Recharge from Precipitation—Infiltration of precipitation through the surficial sediments is a key parameter in the conceptual model. Although permanent surface water features do not complicate the hydrology, infiltration is spatially and temporally variable. Keck (1995) shows that the Big Lost River is not a potential contaminant transport pathway for surface transport. However, the Big Lost River and associated spreading areas may contribute to subsurface hydrologic conditions, as discussed later in this report. Average annual precipitation is 22.1 cm (8.7 in). The rates of precipitation are highest during May and June, although springtime snowmelt provides another large flux.
The RWMC is in a natural topographic depression, which holds precipitation and collects runoff. Three significant floods resulted from rapid snowmelt and precipitation events in the years 1962, 1969, and 1982. These flooding events caused substantial fluxes of water through the waste and vadose zones. Subsequently, a system of dikes and drainage channels were constructed for storm water control. Local topography across the RWMC facility and the SDA also contributes to the spatial variability in infiltration. Roads, ditches, and small depressions channel runoff and snowmelt to localized ponds within the SDA.

In 1988, the USGS completed construction of a simulated waste trench several hundred yards north of the SDA. The test trench was designed to investigate infiltration in natural, undisturbed sediments; disturbed (excavated and backfilled) sediments; and simulated waste zones. Using tracers and extensive instrumentation (i.e., thermocouple psychrometers, lysimeters, tensiometers, and neutron moisture probes), the USGS quantified soil moisture and variability with depth, time, and temperature and estimated soil hydraulic conductivity, soil-moisture flux, and evapotranspiration rates (Pittman 1995). 

The USGS also conducted 24-hr infiltration tests with small, 8-cm deep ponds. The objective of these infiltration tests was to quantitatively compare field scale measured hydraulic properties to the lab scale measurements. Despite the thoroughness of the soil property measurements, the data proved inadequate for predictive one-dimensional modeling. The USGS found that “even with a detailed characterization of a natural soil profile, undetected features may dominate the hydrologic behavior” (Nimmo 1999). It is thought that layering and preferential paths influence flow in undisturbed soil. In disturbed, waste trench soil, initial infiltration is slower, but lack of significant layering is thought to permit water to move freely to depth (Nimmo et al. 1999). USGS test trench conclusions, as summarized by Perkins (2000), were that moisture content is variable in shallow depths but relatively constant at depths below 3 m, even under flood conditions. The USGS test trench work is further documented in Pittman (1989) and Davis and Pittman (1990). Additional infiltration studies were conducted by Cecil et al. (1992) using chlorine-36 as a surface water tracer. 

A network of neutron-probe access tubes (NATs), with associated tensiometers, was installed across the SDA during the mid 1980s to measure soil moisture and estimate infiltration rates (Bishop 1996a). Monitoring started in 1986 and was performed in a number of discontinuous events across a variably sized network. McElroy (1993) and Bishop (1994; 1996) demonstrated that net infiltration is spatially and temporally variable. Net infiltration was found to range from 49 cm/yr (19.4 in/yr) to less than 0.3 cm/yr (0.1 in /yr) depending on available precipitation (snow depth) and variations in runoff and ponding (Bishop 1996). The greatest infiltration occurs in the spring, since snowmelt is a significant contributor (Holdren et al. 2002). Local topography and soil characteristics also control infiltration. 

Martian (1995) analyzed the moisture data obtained from the NATs between 1986 and 1996 to estimate variable infiltration rates across the SDA. These estimated infiltration rates were used in the IRA and the ABRA. The background infiltration rate outside of the SDA was 1 cm/yr. Infiltration rates within the SDA ranged from 0.64 to 24.1 cm/yr (Martian 1995), with a spatial average of 8.5 cm/yr. The cumulative volume of modeled infiltration at the SDA is approximately 27.8 acre-ft/yr (Magnuson and Sondrup 1998). 

Despite the thoroughness of the Martian (1995) study, uncertainties remain because a limited number of NATs were located in the disturbed disposal areas, and the moisture monitoring had been limited to the years 1994 and 1996 (Magnuson and Sondrup 1998). Some researchers have concluded that the infiltration estimates used in fate and transport modeling may be too uncertain to reliably predict contaminant movement (USGS 1999). 

Episodic Recharge—The only significant surface water features at the RWMC are the Big Lost River and associated flood-control spreading areas (see Figure 3-32). To control downstream flooding, excess water is diverted to a series of four playas southwest of the RWMC. During 1981 through 1985, over 800,000 acre-ft of water was diverted into the spreading areas. Because the flows of water in the river and occasional diversions to the spreading areas are episodic, annual infiltration rates are difficult to estimate.

[image: image31.jpg]



Figure 3‑32.  Big Lost River water is periodically diverted to the spreading areas southwest of the RWMC.

For years, infiltration from the spreading area was considered to be primarily in the vertical direction, locally impacting the SRPA. Pittman et al. (1988) observed water level rises as great as 16 ft in RWMC wells. Apparently, a transitory groundwater mound existed in the aquifer beneath the spreading areas in response to vertical recharge during the 1982 through 1985 timeframe (Pittman et al. 1988). This and similar observations were corroborated during the LSIT, where rapid, vertical flow with little spreading was observed. Hubbell (1990) and Bennett (1990) also examined water level data and noticed apparent correlations to spreading area diversions. More recently, however, researchers have observed evidence of rapid, lateral flow of spreading area water through the vadose zone (Nimmo et al. 2002; discussed further in a subsequent section). As a result of this work, recharge from the spreading areas has been added to the RWMC conceptual model. In the ABRA, due to the extremely long time frame of the simulation, the spreading area recharge was simulated as a steady-state influx. Historic Big Lost River flow data from as early as 1965 were used to derive an estimate of the steady-state input of water. The input of water in the simulation was adjusted to an average of 1 acre-ft (1,233 m3)/day, which was enough to affect the western portion of the C-D interbed beneath the SDA (Holdren et al. 2002). 

Sensitivity studies were conducted to explore the effect of transient influences from spreading areas. When additional water representing recharge from the spreading areas was input into the aquifer, the southeasterly groundwater flow velocities increased under the eastern portion of the SDA, but the directions did not significantly change (Holdren et al. 2002). The simulated steady-state input of water created a slight, artificial mound in the most recent aquifer simulation (see Holdren et al. 2002 Figure 5‑39). 

The three large-scale floods that occurred in the SDA in 1962, 1969, and 1982 were caused by heavy precipitation and rapid snowmelt. Estimates of floodwater volumes were made by Vigil (1988b). Although the estimates are highly uncertain, they were used in both the IRA and the ABRA (Becker et al. 1998; Holdren et al. 2002). Additional episodic recharge from hypothetical future floods is accounted for in the ABRA simulation by the use of a slightly elevated infiltration rates (Holdren et al. 2002).

Discharge from Wells—The RWMC production well provides water for administrative and facility maintenance requirements. The water use, however, is relatively minor and has not been considered in the RWMC conceptual models.
3.7.2.4 Hydraulics

This section discusses hydraulic properties of both the SRPA and vadose zone at the RWMC.

Snake River Plain Aquifer—As discussed in Section 2, the regional SRPA is an unconfined aquifer. However, at local scales, the saturated basalt can behave as a leaky, confined aquifer. The aquifer gradient near the RWMC is relatively small; Bartholomay et al. (1997) reports an average of 2 ft/mi (3.52e-4 ft/ft). The most current water maps used in the ABRA display a range of 4.9e-4 ft/ft to 3.7e-4 ft/ft (Holdren et al. 2002). Permeability is spatially variable within the aquifer, as indicated in pump test results and as implied by a non-uniform hydraulic gradient in the southern section of the INEEL (although other factors, including recharge from the Big Lost River spreading areas, could also contribute to the heterogeneity of the gradient; Whitmire 2001).
The heterogeneity of subsurface volcanic formations in the RWMC area results in complex anisotropy in the hydrologic system. Aquifer flow is thought to be controlled by fractures and inter-flow zones rather than by matrix porosity. Heterogeneity in these and other features contribute to spatial variability in aquifer flow. Although the regional flow direction is northeast to southwest, estimating direction and velocities of water movement on the smaller scale of the RWMC facility is complicated by anisotropic behavior and paucity of measurement points on that scale. Additionally, the low-gradient and apparent low-permeability region to the south-southwest of the SDA precludes accurate determination of groundwater flow directions (Holdren et al. 2002). 

Velocities in the RWMC region are significantly less than average SRPA velocities discussed in Section 2. Data from pump tests indicate a region of low permeability near the southern and southwestern border of the SDA (Wylie and Hubbell 1994; Wylie 1996). The existence of this low permeability region and its lateral extent and continuity is uncertain (Becker et al. 1998). The IRA presented the hypothesis that flow velocities under the SDA are relatively slow based on the results of a number of aquifer tests documented in Ackerman (1991), Wylie et al. (1995), Bishop (1991; 1996), and Welhan and Wylie (1997). It has been hypothesized that the RWMC is in a low permeability region that extends southerly from the Big Lost River Range onto the INEEL (Roback et al. 2001). Determination of the direction and timing of aquifer flow velocities in the SDA is ongoing.

During the development of the ABRA, aquifer permeability was based on transmissivity data from pumping tests and specific capacity information for 21 wells located inside the model domain using data from Ackerman (1991); Wylie and Hubbell (1994); and Wylie (1996). Permeability data range from 4 mD to 1,508,700 mD. Using this data, in addition to data from recently installed wells, researchers averaged the data into three permeability classes: 1) low, 153 mD representing wells immediately south of the SDA, 2) middle, 9,300 mD representing wells located north and northwest of the SDA, and 3) high, 712,000 mD representing wells south and east of the SDA (Whitmire 2001).

Vadose Zone—The vadose zone is a particularly important component of the subsurface flow system beneath the RWMC. The vadose zone is conceptualized as a filtering system that prevents or restricts movement of contaminants to the aquifer. The migration of contaminants generally is believed to be extremely slow under normally small, local recharge conditions. The notable exception is CCl4, with concentrations exceeding regulatory levels in some RWMC aquifer wells.
Researchers first noted the presence of moist zones above the water table in five wells at the RWMC during 1976-77 (EG&G Idaho 1988). These zones generally were associated with sedimentary interbeds. Since that time, perched groundwater at the RWMC has been monitored using wells, tensiometers, and lysimeters. Perched groundwater bodies have been associated with the B-C and C-D interbeds at depths of 80 to 90 ft and 200 to 220 ft, respectively. Monitoring data indicate that perched groundwater beneath the RWMC typically is transitory (Holdren et al. 2000). Much of the time, monitoring wells are dry or contain insufficient water for routine sample collection. 

Perched groundwater bodies at the RWMC form in response to movement of recharge water through a vertical basalt/sediment sequence that is characterized by contrasting hydraulic conductivities. Researchers have suggested that these contrasting hydraulic conductivities may occur between basalt flows and sedimentary interbeds, in interflow baked zones, in transition zones from fractured to unfractured basalt, and in zones of sedimentary and chemical filling of fractures (Cecil et al 1991). One source of perched groundwater at the RWMC is from infiltration of local precipitation. Net water infiltration rates through soils from local precipitation near the RWMC have been estimated using environmental tracer data and neutron logging data to range from 0.36 to 1.1 cm/yr (Cecil et al.1992). This range is equivalent to 2 to 5% of the annual precipitation. Researchers in part have attributed the presence of moist zones to focused recharge from spring snowmelt and local flooding of the RWMC during the 1960s and 1970s.
Researchers (Rightmire and Lewis 1987; Hubbell 1990) have noted from perched groundwater fluctuations and isotopic chemical data that lateral vadose-zone flow from the INEEL spreading areas to the south and west may provide a substantial source of recharge to perched groundwater beneath the RWMC. A tracer test conducted by the USGS in the INEEL spreading areas during 1999 (Nimmo et al. 2002) provided compelling evidence that significant amounts of water from the spreading areas have moved rapidly through the vadose zone to the RWMC. In this test, a chemical tracer introduced in the spreading areas during a period of large diversions from the Big Lost River was detected in one perched zone well completed above the C-D interbed at the RWMC. The estimated arrival time indicated that water had moved from the spreading areas to the RWMC in less than 90 days. This test demonstrated that rapid, lateral flow could occur along preferential pathways associated with the basalt/sediment stratigraphy. Researchers have hypothesized that the sporadic and randomly distributed detections of radionuclides in the vadose zone and the vertical and lateral migration of CCL4 might be attributed to these episodic events (USGS 1999). 

3.7.2.5 Groundwater Chemistry

Pore Water (Vadose Zone)—A key parameter for estimating future fate and transport of contaminants is chemistry of the infiltrating water and subsequent leaching of contaminants from the waste. In the surficial soils, precipitation can be altered by soil minerals and in some cases by the presence of the waste itself. Groundwater geochemistry has been investigated repeatedly, as reported in Olmstead (1962); Robertson et al. (1974); Rightmire and Lewis (1987); Rawson and Hubbell (1989); Rawson et al. (1991); Cleveland and Mullin (1993); Knobel et al. (1997); and Hull and Pace (2000). 
In the RWMC area, hydrogen potential is about 8 ( 0.5, buffered by calcite-water-CO2 interactions. Caliche, an impermeable, concrete-like soil naturally cemented by calcite, is common in the area. The oxidation-reduction potential is oxidizing and equivalent to air. The soil moisture is saturated with respect to calcite and super-saturated with dolomite (Wood and Norell 1996). 

As described previously, a network of lysimeters was installed in the SDA to monitor water chemistry near the waste zone. As identified by Hull and Pace (2000), however, certain lysimeter results were apparently affected by a magnesium chloride solution that was used as a dust suppressant on roads; additionally, bromide tracer installed with some lysimeters may have also contaminated some samples. After eliminating suspect samples, Hull and Pace (2000) compiled water chemistry results from 90 samples taken from 13 lysimeters in the SDA. They found little variation with time, but significant spatial variability with no apparent correlation to specific areas within the SDA. The most “representative” water chemistry for the SDA is defined in Hull and Pace (2000). Oxidized conditions persist, with dissolved oxygen in the range of 4.8 to 7.8 mg/L. Soil zone CO2 levels are very high (up to 10%) in the SDA waste area. The pH of soil moisture is found to be only slightly alkaline (ranging from 7.2 to 8.2), possibly due to high concentrations of CO2 in soil gas resulting from organic decomposition of waste materials. Pore water is saturated with respect to calcite.

Perched and SRPA Water. As summarized by the USGS (1999), perched water samples have been shown to be oversaturated with zeolite and clay minerals. Perched water has been described as either sodium chloride or sodium bicarbonate (Rawson and Hubbell 1989). Perched water chemistry for the RWMC has also been presented in Barraclough et al. (1976); Rightmire and Lewis (1987); Knobel et al. (1992); Knobel et al. (1997); Rawson et al. (1991); Tucker and Orr (1998); Bartholomay (1998); and Rawson et al. (1991). 
The SRPA water samples from near the RWMC are typically calcium-magnesium bicarbonate in character and supersaturated with respect to aragonite, calcite, and dolomite, and undersaturated with respect to fluorite, sulfate minerals, and silicate minerals (Knobel et al. 1997). Aquifer water chemistry in the RWMC region is also presented in Mann and Knobel (1988), Liszewski and Mann (1993), and Burgess et al. (1994).

Chemical characteristics that affect transport of actinides are summarized by the USGS (1999) as 1) a pH ranging from 7.8 to 8.4; 2) dissolved oxygen concentrations nearly saturated to slightly supersaturated with respect to air; 3) slightly saturated with respect to calcite; and 4) dissolved organic carbon near or below 1 mg/L. 

3.7.2.6 Contaminant Transport

Source Term—The inventory of waste disposed of at the SDA is unique in its variety, concentration, and mass of contaminants. In 1995, a comprehensive effort was made to catalog all of the wastes known to have been disposed between 1952 and 1983 (LMITCO 1995a). The project, referred to as the Historical Data Task (HDT), resulted in a database of inventory information. The information was derived from facility operations records, technical reports, shipping records, generator interviews, and nuclear physics calculations. The information was organized by waste stream and by generator. Quantities of each contaminant were presented with best-estimate, upper bound, and lower-bound estimates. The inventory of low-level waste disposals between 1984 and 1993 was similarly developed in a second volume (LMITCO 1995b).
The inventory of the primary VOC contaminants (carbon tetrachloride [CCl4], PCE, and methylene chloride) was subsequently revised. These VOCs originate primarily from a single waste stream generated between 1966 and 1970 at the Rocky Flats Plant (RFP). Although previous estimates were considerably lower, current analysis indicates that 8.2 E+05 kg of CCl4, 9.8 E +04 kg of PCE, and 1.41e+04 kg of methylene chloride were originally disposed of in the SDA (Varvel 2001; Miller and Varvel 2001). Although the remaining mass of CCl4 in the waste zone has been investigated using gamma-chlorine reactions in probehole logging, the estimates of remaining mass are considered highly uncertain (Holdren et al. 2002). There is also some uncertainty associated with the inventory of radiological contaminants. In particular, estimates of C-14, Tc-99, and U isotopes from the INEEL and U.S. Navy generators are under review and may be revised in the future. Tables in Section 5 of Holdren et al. (2002) provide an excellent summary of inventory estimates and waste types for COCs at the RWMC.

Extent of Contamination—The extent of contamination in the RWMC area has been investigated intermittently since the early 1960s and more thoroughly during the late 1990s. The AEC collected perched water samples from shallow wells in 1962, 1965, and 1969, finding some cesium and strontium contamination (Schmalz 1972). The USGS analyzed water and sediment samples from a number of vadose zone wells during the 1970s and 1980s. Although some researchers concluded that actinides had migrated to the B-C interbed and not the C-D interbed (Laney et al. 1988), sporadic detections and concerns with sample contamination resulted in inconclusive results (Barraclough 1976; Burgus and Maestas 1976; Humphrey and Tingey 1978; Humphrey 1980). Soil sampling at interbeds and near waste showed very limited migration of adsorbed transuranic elements (Humphrey et al. 1980, Bargelt, et al. 1992).
Soil water and perched water have been sampled quarterly since 1996 in support of the RWMC RI/FS. CCl4 and nitrates are regularly detected in aquifer wells near the SDA. In addition, C-14, Tc-99, Am-241, uranium, and plutonium have been detected at low concentrations in the vadose zone. Detections are most frequent above the B-C interbed, although some contaminants have been detected in the C-D interbed.

Describing the extent of actinide contamination continues to be problematic. As illustrated in the ABRA, plutonium and americium have been detected in only 1% of the thousands of aquifer samples taken from the RWMC area. The detections have been sporadic in frequency, with typically low concentrations and variable locations. Recent work utilizing Thermal Ionization Mass Spectrometry (TIMS) indicates that elevated uranium concentrations in aquifer samples are non-anthropogenic (Roback et al. 2000). 

As described in detail by Holdren et al. (2002), numerous detections of Tc-99 in the vadose zone suggest migration. Elevated concentrations of U (multiple isotopes) at several locations in the vadose zone suggest migration. However, there are no identifiable trends observed in the vadose zone (with exception of CCl4), and only sporadic detections of radionuclides in the aquifer. 

All three VOCs (CCl4, PCE, and methylene chloride), especially CCl4, are prevalent in SDA soil gas, perched water, and aquifer water. CCl4 detections have been highest in the 50 ft above the B-C interbed and decrease sharply between the B-C and C-D interbeds. However, extensive monitoring for CCl4 below the C-D interbed has not been conducted. CCl4 is routinely detected in aquifer samples. As reported in Holdren et al. (2002), CCl4 has been detected in 16 of the aquifer wells near the RWMC, 5 of which have concentrations near or exceeding the maximum contaminant level (MCL). However, the distribution of aquifer concentrations does not correlate with proximity of the well to the source areas. Some of the wells with the highest concentrations of CCl4 are located a significant distance from the SDA or to the north (upgradient) of the source areas. It is hypothesized that the wells near the southern border of the SDA are located in a low permeability formation, which limits the CCl4 concentrations (Sondrup 1998). Furthermore, trends in concentrations over the last few years are also erratic, rising, dropping, or remaining constant depending on time period and well location. Detections of PCE and methylene chloride have been infrequent and at considerably lower levels than CCl4 (Holdren et al. 2002).

In summary, continued migration of both VOC and radionuclide contamination is expected, but the impact on aquifer quality is negligible given current data. Holdren et al. (2002) presents the most detailed analysis of the nature and extent of contamination developed to date, including illustrations of detection locations for selected contaminants. Figure 3-33 provides a graphic example of the distribution of contaminant detections as presented in Holdren et al. (2002).

Release Mechanisms—The source and availability of contaminants for transport is a complex issue at the RWMC. As discussed previously, the contaminant source is encompassed in a variety of waste streams, most of which were disposed in relatively immobile forms. With the exception of VOCs, virtually no data exist that would provide empirical estimates of release rates. Therefore, to support the estimation of future risk at this site, researchers have relied on mathematical simulations to estimate the flux of contaminants from the waste forms. Release of contaminants from the original waste stream is conceptualized by three processes: wash off, diffusion, or dissolution (Becker et al. 1998). The WAG 7 project has used a computer simulator developed at Brookhaven National Laboratory (Sullivan 1992) to estimate contaminant release. The source release model provides mass (or activity) estimates for total yearly releases from all source areas on a contaminant basis using equations as described in Sullivan (1992; 1993). A number of key equation parameters, including inventory, container failure rates, corrosion rates, infiltration rates, and release coefficients, control the calculated rates of release.

As discussed previously, inventory and waste stream descriptions were developed in LMITCO (1997a, b). In the IRA (Becker et al. 1998), the high (bounding) inventory estimates were used for purposes of contaminant screening. In the ABRA, the best estimates were used to estimate future risk. As described previously, best estimates of total inventory (mass or activity) of each COC, its waste stream, and assumed release mechanism, are provided in Holdren et al. (2002). Many contaminants are associated with multiple waste streams, each of which is modeled using differing mechanisms of release. To estimate contaminant specific flux, the total yearly disposal mass of each contaminant was proportioned between the three available release mechanisms based on an analysis of the waste type (actinides associated with metal waste streams were modeled as surface wash off; activation products associated with metal waste streams were modeled as dissolution of the base metal; etc.) (Becker et al. 1998; Holdren et al. 2002).
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Figure 3‑33.  Detection of contaminants in the RWMC subsurface is sporadic and spatially variable. An illustration of U-234 detections from Holdren et al. (2002) is presented as an example of the distribution of contaminants. Illustrations for other contaminants are provided in Holdren et al. (2002).

Container failure rates were developed to represent the timing of the release of contaminants from the variety of waste containers (drums, boxes, etc.) associated with each waste stream. Failure rates for each type of container were developed in Becker et al. (1996) and Becker (1997). For example, a randomly dumped drum was estimated to have a mean failure time of 11.7 years with a standard deviation of 5 years. To support the IRA, Becker et al. (1998) proportioned the waste inventory by container type and assigned the year of release based on the disposal date and estimated container failure time. This information was also used in the ABRA. (Note that with organic contaminants and contaminants encased in concrete casks, diffusion through the containers was used in lieu of container failure times.)

The release of activation products is based on the rate of corrosion of the base metal as well as the geometry of the waste object. Corrosion rates for stainless steel and beryllium were estimated by Adler Flitton et al. (2001) and Nagata and Banaee (1996) for carbon steel. This work was based primarily on a series of experiments with samples of different metal types buried in a test area near the SDA. In addition, in the ABRA, the metal corrosion rates were increased to account for the presence of magnesium chloride, which was used as a dust suppressant on roads at the RWMC. Additional work regarding corrosion rates is documented in Mizia et al. (1999).

Infiltration rates used in the release modeling are based on those developed for the transport model, as discussed in previous sections. Because the release rate simulator is a one-dimensional model, Holdren et al. (2002) divided the inventory into 13 source areas based on the distribution of contaminants across the SDA. Spatially variable infiltration rates were averaged for each of the 13 simulation areas. Simulating release from each area separately provided spatially variable, as well as time variable, release rates for input into the transport simulator.

Release coefficients were derived from a number of sources and vary according to the type of release being considered. Partition coefficients and contaminant solubility data are presented in Dicke (1997). Metal corrosion rates are developed in Nagata and Banaee (1996) and Adler Flitton et al. (2001). VOC diffusion was estimated in Kudera and Brown (1996). Clearly, the release coefficients have a high degree of uncertainty. Metal corrosion is influenced by available moisture, which, as described in previous sections, is spatially variable. Problems with developing and using partition coefficients are discussed in subsequent sections of this report. Although VOC diffusion is relatively well described, there are uncertainties with the inventory remaining in the waste zone. During the development of the IRA and the ABRA, modelers attempted to select conservative estimates whenever possible to ensure future risk was not underestimated. However, because site-specific release data have been unavailable to calibrate the release model, the estimate of contaminant release remains uncertain. It should be noted that technical reviews of the RWMC modeling work have consistently excluded the release portion of the conceptual model. It is expected that continued monitoring of waste zone probes (Anderson 2001a, b) will provide critical data to validate the release rate modeling.

Transport Mechanisms—The current INEEL conceptual model uses an equilibrium, reversible distribution coefficient to emulate the various geochemical factors affecting retardation of the transport codes. Distribution coefficients (i.e., Kds) are commonly used in computer modeling as a mathematically simple representation of sorption. Kd values encompass all processes that remove a contaminant from solution. They are a bulk term representing the ratio of adsorbed to dissolved concentrations, typically given in units of mL/g. Typically, the value is obtained by fitting a linear isotherm to results of batch or column experiments, neglecting the actual mechanisms responsible for contaminant removal (Dicke 1997). Kds are incorporated into a constant retardation factor in the advection-dispersion equation enabling modelers to simulate a reduction in contaminant concentration as the solution passes through the various vadose zone structures.
Use of distribution coefficients, or Kds, is widely accepted as a defensible method to simplify transport calculations. However, where there exists significant temporal and spatial heterogeneities in the geochemical environment, the use of Kds becomes problematic. For example, Hull (2001) comments that multiple water types have been identified in the RWMC subsurface, indicating that geochemical conditions are not uniform. 

There are a number of limitations with using the Kd approach. For example, spatial or temporal variability in chemical conditions and solubility potentials cannot be addressed with singular partition coefficients. Additionally, it is difficult to accurately represent actual field conditions in batch sorption experiments (Hull and Pace 2000). Or as stated by the USGS (1999), the measured Kd values are applicable only to the specific conditions under which the experiments were conducted. Other problems with the use of Kd values include poor design of batch experiments, competition between species for sorption sites, and non-linear response to increasing aqueous concentration. To date, facility-specific simulations have relied on the linear isotherm approach using a limited set of site-specific data. Although the results are generally considered conservative for purposes of risk assessment, a number of investigators have suggested that long-term evaluations be conducted to provide a basis for more representative geochemical modeling. 

The literature regarding the use of Kd values is extensive. As a starting point, the reader is referred to the discussions developed by Landa, Glynn, Stollenwerk, and Curtis (USGS 1999). These researchers reviewed the use of Kds at RWMC for four specific contaminants (Am, Np, Pu and U) and concluded that “the experimental conditions used to measure Kds for the IRA model do not adequately represent the aqueous and solid phase variability at [the RWMC].” The reviewers proposed the use of a surface complexation model, as specific surface-complexation and ion-exchange constants are important parameters to utilizing Kd measurements. In order to support the simulation work specifically for the RWMC, a comprehensive set of Kds and solubility limits were compiled in Dicke (1997) for RWMC contaminants. This compilation utilized literature values and results of batch tests on RWMC cores where available. The paucity of site-specific data prompted testing on additional samples in the 1999 timeframe. 

In the ABRA conceptual model, all geochemical reactions between dissolved contaminants and the vadose zone matrix are represented by partition coefficients assigned to the sedimentary interbeds. This approach was practical from a computational perspective, and is thought to be conservative from a risk assessment perspective (Holdren et al. 2002). During the earlier IRA modeling work, researchers modeled chemical interactions between contaminants and sedimentary and precipitated mineral coatings lining the basalt fracture surfaces (Magnuson and Sondrup 1998). However, because the relatively small surface area coupled with rapid rate of water through the basalts resulted in negligible sorption, this approach was not carried forward to the ABRA conceptual model. 

To develop sedimentary sorption coefficients for the ABRA, analyses were conducted on approximately 60 interbed core samples to estimate particle size distributions; surface area; exchangeable cations and anions; clay mineralogy; and extractable silica, iron, manganese, and aluminum, and sorption isotherms for uranium and neptunium. Comparison of partition coefficients from the sorption isotherms to the values from Dicke (1997) supported the conclusion that the partition coefficients elected for the uranium and neptunium are physically plausible and conservative because they are on the lower end of the measured partition coefficient distribution. The sorption isotherms measured from the core samples were nonlinear, but for risk assessment purposes, the more conservative linear values were implemented (Holdren et al. 2002). 

A key parameter controlling the sorption reactions is the oxidation state of the contaminant of interest. It has been shown that the transport and adsorptive characteristics of contaminants, particularly actinides, are strongly affected by their initial oxidation state and by oxidation/reduction reactions within the vadose zone (Hull and Pace 2000; USGS 1999). Oxidation states and associated potential for organic and inorganic complexation controls, in part, the fraction of contaminant entering and remaining in solution. Speciation of contaminants (i.e., their form as disposed and as altered by waste zone characteristics), as well as redox state of the water, is not well known and thought to be highly variable. 

The RWMC contaminants display a wide range of geochemical properties. Chemical interactions with pore water, sediments, and basalt matrices are complex and supported by a small set of empirical data. Solubility calculations on a contaminant-by-contaminant basis indicate that the effect of oxidation/reduction potential and hydrogen potential on the solubility of these contaminants varies. However, for many contaminants (particularly actinides) the ambient SDA conditions, with moderately reduced environment and approximately neutral pH, may minimize solubility (Hull and Pace 2000).

Although dissolved phase transport is generally considered the predominant transport mechanism, transport may be facilitated by movement of suspended particulate forms of contaminants. Experiments have given evidence that actinides elute from interbed sediment columns at a greater rate than those attributable to equilibrium sorption of aqueous species. This enhanced mobility fraction has been attributed to colloidal transport (Fjeld et al. 2000). As summarized by the USGS (1999), colloidal particles originating from mineral fragments, precipitates, and other mechanisms exist in RWMC basalt fractures and groundwater. Their mobility is controlled by the stability of colloids in groundwater, chemical interactions between colloids and matrix surfaces, and other hydrological and physical factors. In the SDA vadose zone, filtration of colloids by interbed sediments is hypothesized as a mechanism of removing colloids from solution. Further evidence for particulate transport facilitated by colloids comes from the detection of actinides in the interbeds (USGS 1999).

A series of sensitivity studies was performed as part of the ABRA to explore the impact of a small fraction of highly mobile, particulate forms of Pu-238 and Pu-239 on groundwater risk. The results of the sensitivity studies appeared to greatly over-predict aquifer concentrations (Holdren et al. 2002).

3.7.3 Numerical Analyses Performed to Date

Several numerical unsaturated and saturated flow and transport models have been developed that have incorporated elements of the site conceptual model. In some cases, predictive modeling has contributed to the understanding of site hydrologic processes. A summary of several important modeling investigations is presented below.

Baca et al. 1992—Baca et al. (1992) used several analytical hydrological models to simulate infiltration rates, evaluate the effects of past flooding events on pit 10, and estimate water travel times in the vadose zone. Input parameters to the models included climatic data (specifically for the infiltration calculations), unsaturated hydraulic properties (including representative characteristic curves and hydraulic conductivity curves), and saturated hydraulic parameters such as hydraulic conductivity and effective porosity.
Infiltration rates were determined assuming two specific cases: infiltration in undisturbed sediments and infiltration in disturbed sediments (i.e., pit and trench covers). Using a water balance approach and assuming that infiltration is an areally diffuse process, infiltration was simulated for each case. The primary conclusions were:

1. The dynamic moisture movement occurred in the upper meter of sediments

2. The maximum moisture flux at the land surface was estimated to be 7 cm/yr (roughly 30% of annual precipitation)

3. The net infiltration for the disturbed and undisturbed cases were very similar

4. Conservative analyses can be performed by assuming net infiltration rates of 10 cm/yr or greater.

Pit 10 flooding evaluations were performed under two scenarios. The first represented fractures as an equivalent porous medium. The second was similar but included a large vertical, crosscutting fracture. The primary conclusions were that the wetting front created by pit 10 flooding could have reached the vicinity of the 110-ft interbed in about 1 month’s time and vertical, cross-cutting, unfilled fractures can serve as high permeability conduits that can transmit water rapidly through the vadose zone. The results further suggest that the flooding events may have been a major factor causing the migration of nonsorbing, dissolved contaminants in the vadose zone. Water travel times were estimated using a Monte Carlo simulation approach because single-valued representation of hydraulic properties were considered inappropriate given the complexities of the flow system at the RWMC. Results included the observation of log-normally distributed soil water travel times and a geometric mean average linear velocity of about 0.3 m/yr.

This study suggested that additional hydraulic data, including characteristic curves, saturated hydraulic conductivities, and effective porosity, be collected in order to further characterize the site and provide valuable information for future modeling efforts. In addition, geostatistical interpretation of the hydraulic properties of the major hydrostratigraphic units was advised.

Magnuson 1995.—Magnuson (1995) conducted an inverse modeling study to obtain a representative description of flow and transport through vadose-zone fractured basalts for use in field-scale modeling studies. An equivalent porous media approach, assuming both a single porosity and a dual porosity system, was used for the simulations. Data were calibrated to observed hydrographs and conservative tracer breakthrough curves. The primary observations suggested by the simulations were:
1. The dual porosity model improved the match to calibration targets but is likely not worth the additional computational burden unless a need is demonstrated

2. It was necessary to add a low permeability layer above the interbed to reproduce observed perched water behavior

3. The effective porosity of the calibrated model was low (0.01 to 0.05)

4. While the elevation of the surface of the sedimentary interbed likely controlled the spread of perched water that developed during the test, the available information used to discretize the interbed was insufficient to assure an accurate representation.

In addition, it was observed that that the presence of rubble zones was an insignificant controlling factor in the migration of water in the vadose zone. 

Martian 1995—Martian (1995) simulated historic infiltration rates at the SDA using the computer code UNSAT-H (Fayer and Jones 1990). Simulated soil moisture profiles were calibrated to soil moisture data collected in NATs. 
To facilitate using the infiltration rates obtained from this study in the BRA SDA subsurface flow model (Magnuson and Sondrup 1998), the daily infiltration record from the final simulations were interpolated and assigned to different areas across the SDA. Infiltration rates were spatially categorized into low, medium, and high zones so that a minimal number of infiltration rates could be applied to the SDA subsurface flow model. Because site topography was determined to be a major influencing factor on infiltration rates during this work, the infiltration rates were categorized based on observations of standing water in 1995, the annual average infiltration rates obtained during this study, and current site topography. The daily, simulated infiltration rates were grouped temporally such that data inputs to the subsurface flow model could be minimized while still capturing the transient effects of infiltration at the site. The end result of the spatial categorization and temporal grouping of the daily infiltration data was a data set that contained the minimum amount of grid cells and time steps required to adequately simulate transient infiltration at the SDA.

Magnuson and Sondrup 1998—Magnuson and Sondrup (1998) used the petroleum/geothermal code (TETRAD) to simulate water and contaminant movement through the vadose zone and the eastern SRPA using an equivalent porous medium approach. This modeling effort was unique in that both the flow and transport aspects of the simulator were at least partially calibrated to existing field methods. In addition, the effort was unique at the RWMC because it coupled flow and transport in the vadose zone and the eastern SRPA.
The vadose zone flow model incorporated the observation of Magnuson (1995) realizing that it was necessary to add a low permeability layer to the top of the interbeds in order to recreate observed perched water behavior. In addition, the infiltration description provided by Martian (1995) was used to describe the flux of water at the surface in this effort. The modeling effort was a success for several reasons, as follows:

· Outstanding agreement between simulated and observed VOC concentrations in the aquifer and vadose zone was achieved

· With few notable exceptions, the model overall can be considered representative of VOC behavior

· The model provided predictions of contaminant concentrations that could be validated through future site characterization efforts.

The simulator was able to represent the occurrence of perched water bodies in most cases; however, the existence of perched water in the vicinity of well 92 could not be replicated. While this effort used an extensive data set in an effort to discretize and parameterize the model domain, several recommendations were provided for revising the simulations, including:

· Separate the vadose zone and aquifer simulation domains for the contaminants that exist only in the dissolved phase. The change is intended to allow for more computationally-efficient simulations.

· Once the vadose zone and aquifer models are decoupled, adjust the grid refinement on the more computationally-efficient vadose zone model in order to more closely match observed perched water behavior in the vicinity of well 92.

· Consider continuing calibration efforts in order to more closely match observed chromium distribution and to include the vapor vacuum extraction (VVE) remediation system.

Overall, this model is the best representation of the flow system at the RWMC to date. An exhaustive data set was used in the development of both the vadose zone and aquifer portions of the simulator. The results of several previous modeling studies were used during the development of this simulator.

Whitmire 2001—Using the suggestions of Magnuson and Sondrup (1998), the aquifer and vadose zone portions of the RWMC flow and transport model were decoupled. Whitmire (2001) developed the groundwater flow (i.e., aquifer) portion of the decoupled simulator.
The aquifer model was developed using the assumptions and hydraulic parameter information identified in Magnuson and Sondrup (1998). In addition, the best calibrated simulation from the earlier model was used as a base case in the decoupled aquifer model. An improved match to observed water levels was achieved through a minor refinement of the permeability field used by Magnuson and Sondrup. In addition, a new and improved water level data set was used to establish boundary conditions.

Whitmire attempted to use kriged permeability data to parameterize the aquifer flow simulator. However, the calibration was poor using that geospatial representation. The reason for the poor match was a “bulleted” simulated head field resulting from a relatively short spatial correlation range.

Holdren et al., 2002—Holdren et al. (2002) presented a model to describe dissolved-phase transport in the vadose zone and groundwater beneath the SDA. The model was based on the Magnuson and Sondrup (1998) flow model with the following notable improvements:

· The vadose zone and aquifer domains were separated

· Conformable gridding was used in the new model, which allowed for more accurate representation of interbeds

· Improved linkage between the source release model and the Magnuson and Sondrup model was achieved by using an approximation of the Magnuson and Sondrup infiltration rates in the source model

· Additional wells were available after the 1998 work; this allowed more rigorous lithologic interpretation and spatial variability assessment

· Aquifer model calibration was improved, as described in Whitmire (2001)

· Additional hydrologic and transport data were gathered from soil cores collected in 1999 and were used to improve the model

· The influence of the spreading areas was simulated by adding additional water to the western portion of the SDA at a depth just above the B-C interbed.

The model was used to estimate concentrations of the COCs at prescribed locations throughout the domain to support risk analyses. This model was not calibrated to contaminant concentration data.

3.7.4 Summary of Competing Hypotheses and Additional Data Requirements

As described in previous sections, a substantial amount of characterization work has been completed at the RWMC. Because the process of risk assessment can utilize conservative (if not bounding) descriptions for the individual elements of the conceptual model, the most recently developed transport simulation is considered to be adequate for the regulatory purposes of determining appropriate remedial action. 

A fundamental question regarding the conceptual model is on what scale the conceptual model needs to be, and can be, developed. The heterogeneity of the system increases as the scale decreases, quickly reaching a point where the macro level characterization data currently available are insufficient. As the scale increases, the characterization requirements are lessened, but the peculiarities of the system are lost and correlation to observational data quickly diminishes. Studies of basalt hydrological properties have been conducted at scales ranging from individual microfractures to the LSIT, each yielding differing results. Similarly, interbed characteristics are scale dependent. Although on a large scale hydraulic properties may be estimated using the available core data, relatively small areas of high permeability or discontinuous structure may not be represented by available samples.

Some researchers have suggested that preferential flow mechanisms add uncertainty to the transport predictions and may provide a possible explanation for the few sporadic detections of actinides beneath and nearby the RWMC (USGS 1999). Several types of preferential flow, including macropore flow, funnel flow, and fingered flow, may increase vertical and horizontal flow of water, as well as dissolved contaminants. Others have questioned whether a Darcian description of vadose-zone flow is adequate in a fractured media (e.g., Faybishenko et al. 2000). Perhaps more importantly than hydrological and geochemical properties of the natural vadose zone and aquifer systems is the chemical form of the contaminants and their flux into the transport system. Some unusually strong-sorbing contaminants such as plutonium have migrated to at least the B-C interbed. Anthropic uranium has been detected at the B-C and C-D interbeds at selected locations. 

As discussed previously, geochemical characteristics also vary significantly between and within geologic structures. Use of single, constant retardation coefficients clearly is not representative of the natural system. The question of whether to use an isotherm approach (linear or other) or to use surface complexation theory in a geochemical reactive transport code remains unresolved. A number of investigators have suggested that long-term evaluations be conducted to provide a basis for more representative geochemical modeling. Hull (2001) recommended a course of action to incorporate geochemistry in to INEEL fate and transport models with both short- and long-term research activities. These types of recommendations should be further evaluated as part of the INEEL conceptual model development.

In addition to the larger issues of scale, researchers have identified a number of specific issues that remain unresolved, as follows:

· The spreading area water is poorly characterized in terms of volume of water and point(s) that it enters the RWMC model domain

· Erratic flow behavior in the aquifer has been attributed to low permeability structures; however the degree of continuity of the low permeability area, as well as directions of flow beneath the SDA, are not well understood

· Potential transient influences of spreading area discharges on flow directions in the aquifer are not understood

· Although Holdren et al. (2002) concludes that upgradient facilities do not influence contaminant concentrations in the aquifer in the SDA vicinity, the assessment is not necessarily definitive. The interpretation of nitrate and chromium concentrations in the aquifer in Section 5.2.4 of the ABRA leaves open the possibility of upgradient influences.

· The amount of infiltration through the waste is uncertain, as lateral influence of enhanced infiltration in ditches and low topographic areas on waste may create some degree of focusing and channeling

· Facilitated transport mechanisms are potential contributors, although their contribution is thought to be minor

· The reliability of low-level detection in aquifer monitoring is uncertain

· It is unclear to what extent chromium serves as an indicator of dissolved phase transport through the vadose zone beneath the SDA.

During most recent development of the RWMC conceptual model, a number of activities were identified that, when implemented, could have a significant effect on the prediction of contaminant transport from this site. These recommendations, documented in Holdren et al. (2002), are reproduced here for convenience:

· The sensitivity of the risk results to the infiltration regime through the waste was demonstrated in a sensitivity case. This result points out the importance of continuing the monitoring and interpretation of data being collected by the SDA Type A and Type B probes. Hydrologic conditions within the waste and leachate contaminant concentrations are particularly important. 

· Monitoring data from the deep vadose zone monitoring network should be incorporated to update and improve the subsurface flow and transport model. The model used in the ABRA is inadequately calibrated. An influence appears to exist in the observed aquifer concentrations from dissolved-phase nonsorbing transport of nitrate, as well as a potential impact from hexavalent chromium. Monitoring and data interpretation to determine if these constituents are truly useful for model calibration should be continued. Monitoring of the vadose zone network should also be continued to improve the delineation of the extent of lateral influence from the spreading areas within the vadose zone.

· The low-permeability zone within the aquifer has previously been demonstrated to exert a large influence on the predicted concentrations and risks. Continued monitoring and interpretation of ongoing tracer testing within the aquifer is necessary to improve the understanding of the extent of this low-permeability zone. The flat nature of the water table in the SDA vicinity has made determining the direction of local water flow within the aquifer difficult. A proposed method to use existing isobaric wells at the SDA to more accurately measure water levels could also improve the state of knowledge regarding directions of groundwater flow.

· The likelihood of fast pathways down through the interbeds needs continued evaluation. Part of this evaluation should include taking interbed samples for measuring hydrologic and transport properties if any additional wells are drilled in the SDA vicinity. Spatially variable Kds in the interbeds could not be included based on the currently available data. The data set resulting from the calendar year 1999 drilling campaign represents a good start, but spatial structure in the Kds could not be identified.

· Another reason to make additional measurements of hydrologic and transport properties on interbed samples is to compare the Kds used in the ABRA for uranium and neptunium to the distribution of measured values in Hull (2001). If the basis could be improved by increasing the number of samples on which analyses had been conducted, the assigned Kds for the interbeds could be justifiably increased, which would result in substantial changes in the time period within which concentration increases in the aquifer are simulated to occur.

· The VOC modeling should be conducted with the improved ABRA model and should include or utilize 1) new inventory data, 2) estimates of VOC mass remaining in the pits, 3) information from the recently completed flux chamber and source-release studies, 4) updated mass removal data from operation of the VVE system, 5) updated monitoring data, and 6) all other improvements listed in this section (e.g., spreading area influences and aquifer flow analysis).
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3.8 Naval Reactors Facility

This section summarizes elements of the NRF conceptual model of groundwater flow and contaminant transport as described in the comprehensive Remedial Investigation (Westinghouse Electric Corporation 1996).

Section 3.8.1 presents the historical background of the facility and includes a summary of previous investigations and sources of hydrologic information. The conceptual model is discussed in general terms in Section 3.8.2, followed by detailed discussions of hydrologic information and factors affecting contaminant transport. A history of the numerical models developed for NRF is presented in Section 3.8.3. Finally, a brief discussion of competing hypotheses and data requirements is presented in Section 3.8.4.

3.8.1 Background

The NRF was established in 1949 as a prototype site for the Naval Nuclear Propulsion Program. The NRF is operated by Bechtel Bettis, Inc., under contract with and direct supervision of the Naval Nuclear Propulsion Program. The NRF is located in the west-central part of the INEEL (see Figure 3-34) and covers an area of approximately 80 developed acres of the ESRP. At various times, the NRF has been occupied by up to 3,300 people. 

Three operating naval nuclear reactor prototype plants, the Submarine Thermal Reactor Prototype (SlW), Large Ship Reactor Prototype (AlW), and Submarine Reactor Plant Prototype (S5G), were constructed and operated at NRF during 1953 through 1995. S1W began operation in 1953 and continued until 1989 when it was permanently shut down. A1W began operation in 1958 and continued until it was permanently shut down in January 1994. S5G began operation in 1965 and was permanently shut down in May 1995. Additionally, the Expended Core Facility (ECF) was constructed in 1958 (Westinghouse Electric Corporation 1996) to test and inspect expended naval nuclear fuel cores and to perform material examinations.

Seven major geotechnical investigations were conducted after 1950, as noted in the 1996 Comprehensive RI/FS. These investigations consisted of geotechnical investigations conducted during 1961 through 1963, the 1987 through 1988 Phase I Closure Plan sample collection report, the 1988 Knolls Atomic Power Laboratory (KAPL) Report, the 1991 Well Construction and Hydrogeologic Investigation Project, the 1993 RI/FS of the Industrial Waste Ditch (IWD), the 1995 Well Construction Hydrogeologic Investigation Project, and the 1996 Comprehensive RI/FS. Numerous minor studies were also conducted at NRF since 1950 that provided valuable geohydrologic information.
Geotechnical Investigations Conducted During 1961-1963—Data collected from drilling and investigative programs during 1961 through 1963 identified two perched groundwater bodies beneath the A1W and S1W leaching beds. This study also defined the configuration of the underlying basalt surface. This information was used to evaluate contaminant migration from the leaching beds.
1987-1988 Phase I Closure Plan Sample Collection Report—A detailed sampling program was conducted in 1987 to comprehensively evaluate the distribution of contaminants in sediments and rocks adjacent to the IWD. Data collected during this investigative program included soil-sample data, contaminant data, and geophysical data. 

[image: image33.jpg]EXPLANATION

#\.» Roads
“ Surface-water Features

ﬂ:? Buildings - Facilities





Figure 3‑34.  The Naval Reactors Facility (NRF) is located in the west central part of the INEEL.

1988 KAPL Report—A 1988 geotechnical investigation was conducted for the KAPL. This investigation characterized engineering and seismic properties of materials near NRF.
1991 Well Construction and Hydrogeologic Investigation Project—Hydrologic investigations were conducted in 1991 to collect additional information about stratigraphy, hydraulic properties, occurrence of water, and groundwater chemistry at NRF. This work included drilling of 3 aquifer wells, 15 shallow boreholes, and 7 piezometer wells. Work also included analyses on geologic and water samples, mineral identification, collection of geophysical data, and determination of aquifer properties.
1993 RI/FS of the Industrial Waste Ditch—Work performed at the IWD included collection of surface and subsurface samples, metal and organic constituent analyses, and other hydrogeologic data. Several boreholes, swells, and piezometers were installed.
1995 Well Construction Hydrogeologic Investigation Project—Six wells were drilled and constructed in 1995 as part of the Remedial Design and Remedial Action (RD/RA) work for the NRF landfills. This work provided soil and interbed samples and aquifer test data.
1996 Comprehensive Remedial Investigation/Feasibility Study—The NRF Comprehensive RI/FS addresses the 68 potentially contaminated sites at NRF and 13 additional potential release sites. The RI/FS addresses the cumulative risk associated with all 81 of these sites. Fifteen of the 81 sites had not been evaluated prior to the start of the NRF Comprehensive Remedial Investigation. Additionally, one previously evaluated site (Unit 8 03-23, Sewage Lagoons) was determined to require additional evaluation during the NRF Comprehensive Remedial Investigation. 
The NRF Comprehensive Remedial Investigation consisted of four primary tasks. The first task required individual site investigations to be conducted for previously unevaluated sites. The investigations are to include the review of existing data, the collection of additional field data, if necessary, and a determination of the potential risk associated with each site. The second task required a hydrogeologic study to be performed to assess the potential of a groundwater pathway from NRF sources. The third task required a cumulative risk assessment to be conducted that provides an assessment of the combined human health effects. The information obtained from the individual site evaluations and the hydrogeologic study is to be used to help complete the cumulative risk assessment. The fourth task required an ecological risk assessment to be performed to evaluate the overall potential risk to ecological receptors.

3.8.2 Summary of the Present NRF Conceptual Site Model

The NRF Comprehensive Remedial Investigation Report (Westinghouse Electric Corporation 1996) describes the geohydrologic conditions in the vicinity of NRF. The basalts and sediments of the vadose zone and SRPA at NRF are capable of transporting locally discharged wastewater and contaminants. In general, groundwater flow in the area probably is slow and contaminants do not move rapidly through the system. Conceptual model elements are described in subsequent sections. 
3.8.2.1 Geologic Framework

The geologic framework of the ESRP underlying the NRF controls groundwater flow and contaminant transport. The area within the NRF security fence encompasses about 80 acres. The area extends east to west approximately 2,100 ft along the northern side and north to south approximately 2,000 ft. The IWD extends about 2 mi north-northeast from NRF. Monitoring wells in proximity to NRF enclose an area 1 ( 2/3 mi. Upgradient wells are located up to 4 mi north and downgradient wells are located about 2 mi to south. The closest hydrologic feature is the Big Lost River, located about 1.5 mi to the east. Depth to the top of the aquifer at NRF is approximately 370 ft bls (Westinghouse Electric Corporation 1996). The INEL-1 deep corehole was drilled in 1979 about 3 mi south of NRF. This corehole penetrated about 2,200 ft of layered basalt flows overlying a very thick rhyolitic unit. The NRF conceptual model assumes that most flow takes place in the upper 250 ft of the layered basalts.

The NRF is located on a fluvial plain attributed to deposition of the Big Lost River (Westinghouse Electric Corporation 1996) approximately 1.5 mi from the river channel. The fluvial plain dips gently to the north and ranges in elevation from 4,870 ft above sea level south of NRF to 4,830 ft above sea level to the north of NRF. The plain is characterized by numerous, abandoned meander channels that range from hardly noticeable depressions to channels that exceed 6 ft in depth. 

The relatively flat fluvial plain surrounding NRF is bordered to the east by basalt outcrops. These outcrops rise approximately 30 ft above the plain. An arcuate basalt ridge is located to the northwest of NRF. Low-lying, weathered basalt flows rising as much as 30 ft above the plain are located approximately 0.5 mi west of NRF. Basalt outcrops to the east infer a possible north-trending vent corridor. An arcuate ridge to northwest of NRF infers the presence of a series of eruptive vents (Westinghouse Electric Corporation 1996). This series may intersect the IWD. The northwest-trending Lava Ridge Volcanic Rift Zone lies approximately 7 mi northeast of NRF (Anderson and Bowers 1995). The axial volcanic zone lies approximately 12 mi east of NRF.

Surficial sediments at NRF consist of wind-blown loess and fluvial deposits. Surficial loess ranges in thickness from several inches to 10 ft and consists predominantly of montmorillinite clay. The loess deposits are underlain by sand and gravel deposits of the fluvial meander plain. These deposits include interbedded sand, gravel, silt, and clay that exceed 60 ft in thickness in places (Westinghouse Electric Corporation 1996). The deposits indicate that the climate of deposition was wetter than today. The sand and gravel deposits at NRF are underlain by a thin clay unit over basalt or widespread fluvial/lacustrian clay and silt deposits in places where the altitude of the top of basalt is less than 4,825 ft above sea level. These deposits consist largely of silty clay with fine sand and some gravel. 

Approximately 1,500 to 2,000 ft of olivine basalts underlies the surficial sediments at NRF. Individual basalt flows typically range in thickness from 5 to more than 70 ft and are fractured to massive. Fractures were derived from cooling processes; some flows are fractured from top to bottom other flows are devoid of fractures. Commonly, fractures are concentrated at the tops of flows. 

Basalt flows underlying NRF commonly are separated by sedimentary interbeds (Westinghouse Electric Corporation 1996). Four locally extensive interbeds have been identified. The uppermost interbed has been penetrated at depths from 70 to 120 ft and ranges in thickness from less than 1 ft to more than 14 ft. It is believed that the top of this unit is baked at the top, but the deeper section is unconsolidated. Three other continuous interbeds were penetrated at 205, 267, and 370 ft in well NRF-9.

3.8.2.2 Bulk Hydraulic Properties

Aquifer test data from 13 tests in 11 NRF wells were used to estimate transmissivity of the basalt aquifer at NRF (Westinghouse Electric Corporation 1996). Transmissivity estimates from those tests range from 3.1 to 576,000 ft2/day, similar to other estimates at the INEEL. Hydraulic conductivity is estimated to range from 1.34 to about 256,000 ft/day. No estimate of the storage coefficient of the basalt aquifer at NRF is available.

3.8.2.3 Inflow/Outflow

Several sources of water are available for recharge to the SRPA at NRF. These sources include precipitation, episodic recharge from the Big Lost River, and wastewater disposal. Discharge takes place from production well pumpage. Estimates of underflow at NRF that were derived from subregional numerical modeling studies do not provide fine enough resolution to adequately define underflow effects.

Snowmelt in the spring is considered to be the most significant contributor to recharge from precipitation at NRF. Although runoff sufficient to provide for substantial recharge could occur in response to large rainfall events, these events rarely take place (Westinghouse Electric Corporation 1996).

The NRF is about 1.5 mi west of the Big Lost River. Episodic recharge near NRF has been observed in response to large flows in the River. Recharge to the aquifer from high flows during 1982 through 1985 temporarily modified the local direction of groundwater flows. 

The IWD has been used for more than 30 years to dispose of nonradioactive, non-sewage, industrial, and storm-water discharge. The IWD occupies parts of two meander channels. The IWD is about 3.2 mi long, but water presently flows in the first 0.5 to 1.2 mi. Prior to shutdown of the S1W, A1W, and S5G plants, water flowed through the entire reach of the ditch. Present discharges range from 50 to 150 gal/minute for an annual discharge of about 53 million gal (Westinghouse Electric Corporation 1996). An estimated 2.1 million gal of water evaporates annually from the ditch.

Two sewage lagoons are located directly northeast of NRF. These infiltration lagoons have been used to dispose of an estimated 10 to 23 million gal/yr. Four production wells supply the water needs at NRF. During 1991 to 1996, pumpage ranged from 82,562,000 to 293,511,000 gal/yr. Much of this water returns to the aquifer through the IWD and sewage lagoons.

3.8.2.4 Hydraulics

The distribution of water in the vadose zone and in the SRPA is controlled by the integration of hydrologic features at NRF, including geologic framework, hydraulic properties, and inflows and outflows to the area. 

Perched Groundwater—Perched groundwater bodies at NRF have formed in the vadose zone in response to disposal of wastewater to the subsurface. These bodies are a part of the pathway for water and contaminants to move to the SRPA across the water-table boundary. Perched water has been observed beneath the A1W leaching beds, S1W leaching beds and leaching pit, the sewage lagoons, the S5G Test and S5G Deep wells, and the IWD (Westinghouse Electric Corporation 1996).
Perched-water bodies associated with the sewage lagoons and the A1W and S1W leaching beds principally occur at the top of the basalt surface. The perching mechanism appears to be fine sediment filling fractures in basalt. These perched-water bodies cease to exist upon cessation of discharge, although deeper perched-water body beneath the leaching beds was observed in one well. The distribution of water in this body is unknown, but the water body is estimated to have a radius of about 500 to 600 ft. Perched water associated with the IWD occurs at a range of depths (i.e., from 20 to 200 ft). Perched-water bodies contained insufficient water to complete wells for long-term monitoring.

In general, the distribution of perched water bodies is transitory and dependent on significant sources of wastewater discharge. Water in these zones may move laterally and some commingling of water from different sources may occur. Lateral flow from the IWD may be focused into a small area, increasing recharge to the aquifer in that area, and possibly mounding water in the aquifer. 

SRPA—Groundwater underflow at the NRF principally originates from three sources (Westinghouse Electric Corporation 1996). These sources include recharge from the Little Lost River to the north, the Big Lost River to the east; and regional flow from Birch Creek, the Upper Snake River Plain, and the Yellowstone Plateau. Water-level data from wells near NRF indicate that the local direction of groundwater flow depends on the relative magnitude of recharge from these three different sources. In the early 1980s, when the Big Lost River flowed extensively, the groundwater flow direction was to the southwest. The extended drought during the late 1980s and early 1990s resulted in a local shift to the southeast. Presently, the hydraulic gradient is slightly more than 1 ft/mi at NRF. The small gradient infers that water moves very slowly in the aquifer beneath NRF. Local mounding is believed to occur in response to recharge from the IWD and sewage lagoon.
3.8.2.5 Groundwater Chemistry

The background chemistry of groundwater at NRF generally is similar to water chemistry elsewhere on the INEEL. Olmsted (1962) noted that groundwater derived from mountainous carbonate drainages to the west is enriched in calcium, magnesium, and bicarbonate (Busenberg et al. 2001). A second water composition, derived from the area northeast of the INEEL, is characterized by increased occurrence of rhyolitic and andesitic rocks and is enriched in calcium, magnesium, and bicarbonate but with a larger equivalent fraction of sodium, potassium, fluoride, silica, and chloride. Minor changes in groundwater chemistry at NRF may be attributed to the temporal changes in flow direction and water source. 

3.8.2.6 Contaminant Transport

The transport of contaminants in the subsurface at NRF is controlled by the source term and transport mechanism. The distribution of contaminants in the vadose zone and SRPA is dependent on transport of these contaminants through the environment.

Source Term—Radioactive, inorganic, and organic chemicals were contained in wastewater disposed to the subsurface at NRF. Contaminants of potential concern at NRF primarily are radionuclides and trace elements (Westinghouse Electric Corporation 1996). A total of 345.41 Ci of radioactivity were released to the NRF leaching beds, IWD, and other disposal points during 1953 through 1979. This activity was contained in almost 390 million gal of wastewater. Radioactive constituents with half-lives exceeding 5 years included cesium-137 (23.8 Ci), cobalt-60 (75.2 Ci), tritium (112.3 Ci), and strontium‑90 (1.65 Ci). Trace elements that were disposed to the subsurface at NRF include chromium, lead, mercury, and silver. Inorganic constituents having elevated concentrations at NRF included sodium, chloride, and nitrate. 

The prototype facilities at NRF generated wastewater effluent that contained small amounts of radioactivity as a result of normal operations. From June 1953 until April 1979, this low-level radioactive effluent was discharged to leaching pits, ponds, lagoons, basins, and drainfields. 

In 1968, the total volume of low-level radioactive effluent streams was minimized by removing nonradiological waste streams from discharge to the leaching beds and developing procedures for recycling radioactive liquid. By 1972, the ECF was a completely self-contained facility that recycled all radioactive liquids and no-longer-discharged low-level radioactive effluent to the environment. During the 1970s, recycling processes were instituted at all prototypes; the last low-level radioactive discharge was made in April 1979. The S1W and A1W/ECF wastewater disposal facilities were the primary source of contaminants during that period. Accidental releases also contributed to the source.

S1W Wastewater Disposal Facilities—Beginning in 1953, low-level radioactive effluent was sent to a drainfield known as the Sl W Tile Drainfield (Unit 8-08-l1). The drainfield became plugged in 1955 (presumably with oil). 

In 1955, the S1W Leaching Pit (Unit 8-08-12), constructed to the west and south of the original drainfield, consisted of an open trench 8- to 10- ft deep, 8-ft wide, and 50-ft long excavated at the end of the discharge header to maintain an adequate discharge capacity. Unit 8-08-12A is the piping portion of the leaching field. Unit 8-08-128 is the trench or pit portion of the unit. In 1960, a new leaching bed was constructed for SlW discharges and the open trench was backfilled. The new leaching bed was constructed south of SlW in 1960 (SlW Industrial Waste Lagoons [Unit 8-08-14]). This leaching bed utilized seepage and evaporation of the water by allowing ponding within the bed. A similar bed was constructed adjacent to this bed in 1963. These discharge facilities (commonly known as the S1W Leaching Beds) received SlW effluent from 1960 to 1979. 

The S1W Temporary Leaching Pit (Unit 8-08-13) was a basin constructed in 1956 for a one‑time discharge of radioactive effluent that contained oil (Westinghouse Electric Corporation 1996). The basin was used to prevent the other leaching beds from being plugged because of the oil content in the liquid. The basin was filled in with the soil excavated immediately after the discharge. 

A1W/ECF Wastewater Disposal Facilities—The AlW Leaching Bed (Unit 8-08-19) constructed to the west of NRF to receive the effluent from ECF and AlW, began operation in 1958 (Westinghouse Electric Corporation 1996). The Al W leaching bed was used sporadically after problems were noted in 1964, which were attributed to oil inhibiting the seepage capacity of the bed. Due to inadequate seepage capacity of the AlW leaching bed, the SlW leaching beds started receiving ECF effluent in 1964 and AlW effluent in 1965. S5G operations began in 1965 and also sent low-level radioactive effluent to the Sl W leaching beds. During 1965 through 1972, the AlW leaching bed was used a few months of the year only for overflow. The last discharge to the AlW leaching bed was in May 1972.
Accidental Radiological Discharges—Accidental radiological discharges have occurred at NRF because of corroded underground piping, leakage from underground basins, and releases from radiological tanks (Westinghouse Electric Corporation 1996). Surface releases generally were cleaned up so that any radioactive material above background levels was retrieved. Underground releases were remediated to the maximum extent practical so that background radiation levels were not affected. 
Accidental release sites where contaminants may not have been completely removed include the Sl W Retention Basins, the Sl W Radiography Building Collection Tanks, the Hot Storage Pit, the ECF Water Pit Release, the Al W/S1 W Radioactive Line Near BB19, and the Al W Processing Building Area Soil. Other sites include historical cross-contamination associated with the Old Sewage Treatment Plant, Seepage Basin Pump Out Area, and Sewage Lagoons. Other sites include the potentially radiologically‑contaminated Old Ditch Surge Pond and S5G Basin Sludge Disposal Bed.

Transport Mechanisms—Contaminant transport through sediments and basalts at NRF is affected by chemical processes and conditions that occur in the subsurface. These processes and conditions include sorption, pH, colloid filtration, and oxidation/reduction.
Sorption processes affect the persistence of contaminants released to the subsurface at NRF (Westinghouse Electric Corporation 1996). The distribution coefficient (Kd) provides a measure of these processes. Site-specific values of Kd were determined for different constituents and different soil types at NRF. Inorganic constituents included chromium, lead, mercury, and silver. The Kd value for chromium ranged from 0.5 to 4.6, depending on the soil type. The Kd for lead exceeded 388. The Kd for mercury ranged from 110 to 3,049 and the Kd for silver ranged from 78 to 463. Contaminants tend to persist longer with larger Kd values. Radioactive constituents, including cesium-137, are believed to have sorbed to surficial sediments and are not migrating to the aquifer. Activities of radioactive contaminants released to the subsurface at NRF will be reduced with radioactive decay (Westinghouse Electric Corporation 1996). The persistence of these contaminants is affected by the length of the parent half-life.

The pH of water in the vadose zone and SRPA will affect the persistence of a contaminant in those systems. Solubility increases with increased pH. Colloidal particles may form when contaminated solutions react with groundwater or the soil. Colloidal particles, which may contain contaminants, may be filtered out in the surficial loess and other fine-grained sedimentary deposits. A large percentage of inorganic contaminants released to the subsurface at NRF is believed to have been transformed into more insoluble forms through oxidation and reduction reactions in the soil. These contaminants would not migrate to the aquifer but would be retained as oxide, hydroxide, and oxyhydroxide minerals or coatings on minerals.

Extent of Contamination—In 1996, tritium activity in water from NRF wells ranged from 15 to 308 pCi/L (Westinghouse Electric Corporation 1996). Larger concentrations were in wells near the leaching beds and the IWD. 
Chloride concentrations ranged from 7 to 213 mg/L in 1996. Largest concentrations were associated with the IWD. Nitrate concentrations ranged from 0.45 to 2.04 mg/L.

Chromium was used extensively as a rust inhibitor and was discharged with wastewater. Chromium has been detected in water from NRF wells. In 1996, chromium concentrations ranged from 6.79 to 35.20 (g/L in several NRF wells. Background concentrations in water from the SRPA are 2 to 3 (g/L.

3.8.3 Numerical Analyses Performed to Date

Numerical modeling techniques have been used to test components of the NRF conceptual model of flow and transport. These techniques have included GWSCREEN, MEMO, and MODFLOW model formats.

GWSCREEN Numerical Model—GWSCREEN was used to assess the effect on groundwater from release of selected contaminants. The results were used in risk assessment calculations. GWSCREEN results indicated that small well spacings (approximately 700 ft) would be required assuming conservative dispersivity values that are Track 2 default values used at the INEEL (Westinghouse Electric Corporation 1996). Larger well spacings (1,400 ft) could be achieved with larger dispersivities, as suggested by researchers.
MEMO Numerical Model—Contaminant transport modeling was conducted using MEMO, a Golder Associates model that optimizes monitoring well locations. The MEMO model was used to confirm results of the GWSCREEN model. The results of the MEMO and GWSCREEN models were used to locate additional wells for monitoring potential contaminant releases at NRF. 

1993-94 Numerical Modeling using MODFLOW—Two numerical simulations were conducted at NRF. Initially, subregional (600 mi2) and local (2 mi2) models were constructed. The regional model was constructed to test the hypothesis that groundwater flow direction at NRF changes over time. The local model was constructed to predict the effects that operations at NRF have on the SRPA. The local model was inconclusive in evaluating point source effects on the aquifer.
1996 Numerical Modeling using MODFLOW—Another local model was constructed as part of the remedial investigation. This model used additional information collected as part of previous investigations. The purpose of this numerical modeling exercise was to investigate the effect of a water‑table mound east of NRF on contaminant transport. Modeling results indicated that water infiltrating from the IWD and the Sewage Lagoons could be captured by NRF production wells (Westinghouse Electric Corporation 1996).
3.8.4 Summary of Competing Hypotheses and Additional Data Requirements

Groundwater flow velocities in vicinity of NRF are reported to be slow, as evidenced by the small hydraulic gradient. The direction of flow and the source of underflow are dependent on changes in the relative magnitude of recharge components from the Big Lost River, Little Lost River, and the upland Snake River Plain. Additionally, the decrease in discharge of wastewater to the environment is believed to be a major factor in the decrease of contaminant concentrations in the aquifer.
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3.9 Argonne National Laboratory West

Argonne National Laboratory West (ANL-W) is located near the southeastern corner of the INEEL approximately 16 mi northeast of CFA (see Figure 3-35). ANL-W is the easternmost DOE facility on the INEEL and is operated for the DOE by the University of Chicago (U of C) through the DOE- Chicago Operations Office (DOE-CH).

3.9.1 Background

Construction began on Experimental Breeder Reactor (EBR)-II in the mid-1950s. EBR-II began operation in stages from 1959 through the mid-1960s. The EBR-II reactor and associated hot cells, laboratories, and support facilities were constructed for research and development (R&D) of advanced reactor technology. The EBR-II reactor was shut down in 1994 and closure activities on EBR-II have been continuing since that time. ANL-W was redirected to new missions devoted mainly to R&D on nuclear technologies and nuclear environmental management.

3.9.2 Summary of the Present ANL-W Conceptual Site Model

Components of the conceptual model of flow and transport are presented in the Comprehensive RI/FS for ANL-W (Lee et al. 1997), the final ROD (DOE et al. 1998), and the ANL-W Environmental Monitoring Program Plan (Argonne National Laboratory 2002). Subsequent sections discuss the geologic framework at the ANL-W, hydraulic characteristics of geologic materials, local recharge and discharge, a description of the field of flow, and elements of contaminant transport.

3.9.2.1 Geologic Framework

The ESRP near ANL-W is characterized by volcanic terrain similar to the rest of the INEEL. The geologic framework within which ANL-W is situated is described by the system geometry, stratigraphy, and geological structure.

System Geometry—ANL-W is located in a closed topographic drainage area in the southeastern corner of the INEEL (DOE et al. 1998). The surface of the facility slopes from south to north and the topographic relief is about 50 ft. ANL-W maintains administrative control over an area of approximately 890 acres of the INEEL. Most of the ANL-W facilities are within a double security fence that is approximately 1,902 ft from west to east and 2,512 ft from north to south. Facilities occupy less than 60 acres. 
The top of the SRPA at ANL-W is about 680 ft bls and about 4,480 ft above sea level. The base of the aquifer, marked by an extensive sedimentary interbed and a marked change in basalt, has been penetrated at a depth of 1,795 ft bls. 

Stratigraphy—Most of the area in the vicinity of ANL-W is covered by surficial sediments. These sediments typically range in thickness from 0 to 20 ft (DOE et al. 1998). East of ANL-W, low basalt ridges rise 100 ft above the level of the plain.

The basalt stratigraphic sequence is similar to the rest of the INEEL. Basalt flows range in thickness from 10 to 100 ft (DOE et al. 1998). The upper surfaces of flows typically are irregular, vesicular, and highly fractured. Fractures and joints may be filled with sediment. Interflow rubble zones commonly consist of blocky or loose basalt. Flow interiors of thicker basalt flows contain fewer vesicles and are dominated by vertical cooling fractures.
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Figure 3‑35.  ANL-W is located in the southeastern part of the INEEL.

Unlike other INEEL sites, thick, continuous sedimentary interbeds are not present within the basalt sequence at ANL-W. Sedimentary interbeds generally are discontinuous and range in thickness from less than 1 in. to 15 ft. Interbeds generally are composed of calcareous silt, sand, or cinders. Rubble zones between basalt flows are composed of sand and gravel to boulder-sized material.

A discontinuous, but locally extensive interbed was penetrated at a depth of 40 to 50 ft in boreholes near the industrial waste pond and the main cooling tower blowdown ditch. Other, more extensive interbeds have been observed in the vadose zone at depths of approximately 400, 550, and 600 ft. There is no evidence that these interbeds contain perched water; however, they may affect the vertical movement of water and produce preferential flow in the vadose zone. The sequence of interbedded basalt and sediments has been observed at ANL-W far below the regional water table. A deep corehole, drilled at ANL-W in 1994 in an attempt to find the base of the aquifer, penetrated an extensive interbed approximately 15 ft thick and an underlying low‑permeability basalt at a depth of 1,795 ft. 

Structure—ANL-W is located along the axial volcanic zone of the ESRP. This zone is characterized by increased thicknesses of basalts and decreased occurrence of sedimentary interbeds. The rhyolitic domes of the East and Middle Buttes lie approximately 6 mi to the southwest.
3.9.2.2 Bulk Hydraulic Properties

Transmissivity of the SRPA at ANL-W was estimated from two production well aquifer tests to range from 29,000 to 556,000 ft2/day (Argonne National Laboratory 2002). The effective porosity of the aquifer is estimated to be 5%.

3.9.2.3 Inflow/Outflow

Sources of local recharge include precipitation and wastewater disposal. ANL-W does not inject any wastewater directly into the SRPA (Argonne National Laboratory 2002). The only source of discharge is from production well pumpage. Estimates of underflow at ANL-W that were derived from subregional numerical modeling studies do not provide fine enough resolution to adequately define facility-scale underflow effects.

Precipitation—The annual average precipitation at CFA (8.71 in.) is accepted as the precipitation estimate for ANL-W (Argonne National Laboratory 2002). Precipitation is largest during May and June. Moderate recharge may take place in response to rapid snowmelt during the spring; however, large evapotranspiration losses during the summer and fall probably reduce recharge from precipitation. No estimates of recharge from precipitation at ANL-W are available.
Recharge from Wastewater Disposal—The industrial waste pond, located at the northwest corner of ANL-W, has been operational since 1964. The pond is an unlined evaporative seepage pond that is fed by a system of drainage ditches (Argonne National Laboratory 2002). Water disposed to the pond prior to shut down of the EBR-II reactor in 1994 predominantly consisted of blowdown effluent from the main cooling tower. The average discharge to the pond during 1979 through 1994 was 39 million gal/yr; discharge rates ranged from 1.42 to 4.22 million gal/month (Argonne National Laboratory 2002). Since then, discharge to the pond has been reduced greatly. Remaining sources of discharge to the pond have consisted of blowdown effluent from the auxiliary cooling tower and auxiliary boiler, water from air-conditioning systems, and non-contact cooling water from other sources. Reductions in discharge to the pond have resulted in drying of the pond.
Ditches have been used to transport surface water from runoff and facility drains at ANL-W to the industrial waste pond. These unlined ditches, which include the main cooling tower blowdown ditch, ditches A, B, and C, the industrial waste discharge ditch, and the interceptor canal, are described below.

The main cooling tower blowdown ditch runs north to the industrial waste pond. This unlined ditch is approximately 700 ft long. During 1962 through 1996, the ditch was used to convey industrial wastewater from the cooling tower to the industrial waste pond. Contaminants principally consisted of water treatment chemicals derived from regeneration of ion exchange resin beds. During 1962 through 1980, contaminants included a chromate-based corrosion inhibitor.

Ditch A conveys industrial wastewater from the EBR-II power plant auxiliary cooling tower and storm water runoff to the main cooling tower blowdown ditch. Wastewater from this unlined ditch eventually flows to the industrial waste pond (DOE et al. 1998). Ditches B and C have been used to convey storm water runoff and wastewater from the power plant and fire station to the industrial waste pond through the cooling tower blowdown ditch (DOE et al. 1998).

The industrial waste discharge ditch is approximately 500 ft long (DOE et al. 1998). The unlined ditch receives industrial wastewater derived from cooling water, photo processing wastes (containing photo developers, fixers, stabilizers, and acids), and retention tank overflows containing ethanol, sodium hydroxide, and some radionuclides.

The interceptor canal has been used to convey industrial waste to the industrial waste pond (DOE et al. 1998). This unlined canal also is used to divert surface runoff. Industrial wastewater is delivered to this canal through two pipes, one from the cooling tower and the other from the industrial waste lift station. That pipeline also has been used to convey radioactive wastes to the EBR-II leach pit. Discharge of industrial wastes and cooling tower blowdown water was discontinued in 1973 and 1975, respectively.

The sanitary sewage lagoons are located north of ANL-W. These three lagoons were constructed in 1965 and 1974 and cover approximately 2 acres. They receive most of the sanitary wastewater generated at ANL-W. They also have received some photo processing solutions. The bottoms of these lagoons are sealed with bentonite.

The EBR-II leach pit was constructed into basalt and used to dispose of liquid waste containing cooling tower blowdown, sanitary effluent, cooling condensates, and radioactive effluent until 1973 (DOE et al. 1998). Approximately 90,000 gal of wastewater were disposed annually.

Discharge from Pumping Wells—During 1979 through 1994, withdrawals for ANL-W water needs averaged 138 million gal of water per year (Argonne National Laboratory 2002). This water was used for plant non-contact cooling water operations, boiler water, and potable water. This supply is provided from two production wells at ANL-W. Approximately 87% of this water was returned to the subsurface through the industrial waste pond, sanitary sewage lagoons, and subsurface septic systems.
3.9.2.4 Hydraulics

Groundwater in the vicinity of ANL-W occurs as unsaturated and saturated flow within the vadose zone and as saturated flow within the SRPA. The distribution of vadose-zone and aquifer water is controlled by hydraulic features as described by components of the conceptual model of flow and transport. Within the vadose zone, small, localized zones of saturation occur above some interbeds and dense basalt flows. These zones are incapable of producing significant water (DOE et al. 1998). The limited occurrence of perched zones within the vadose zone at ANL-W is controlled, in part, by the small volume of disposal to wastewater facilities and by the discontinuous nature of sedimentary interbeds (Argonne National Laboratory 2002). 

The thick, unfractured basalt directly above the water table in one well may locally result in lateral flow of infiltrating wastewater and contaminants in the vadose zone (DOE et al. 1998). Deeper zones of saturation may occur in the vadose zone at ANL-W. Borehole geophysical data indicate that sedimentary interbeds at depths of 400, 550 and 600 ft may contain perched water.

The flow field within the SRPA at ANL-W is defined by the gradient, direction of flow, and velocity. The hydraulic gradient in the vicinity of ANL-W, determined from altitude of water surfaces in wells, ranges from 2 to 4 ft/mi. The direction of flow is from the northeast to the southwest. Estimated flow velocities range from 0.9 to 16.8 ft/day. The response of water levels in most wells to changes in barometric pressure indicates that groundwater flow typically is unconfined (DOE et al. 1998). However, the slow response in one well indicates that locally thick, unfractured basalt flows at the water table may partially confine flow.

3.9.2.5 Groundwater Chemistry

Water from the SRPA at ANL-W is enriched in calcium and bicarbonate (Argonne National Laboratory 2002). Wastewater disposed to ditches, ponds, and pits also is enriched in sodium.

3.9.2.6 Contaminant Transport

Potential release sites at ANL-W include wastewater structures and leaching ponds, underground storage tanks, rubble piles, cooling towers, an injection well, French drains, and spills (DOE et al. 1998). Subsequent sections describe the source term, vadose-zone and aquifer transport mechanisms, and distribution of contaminants in the subsurface.

Source Term—The main cooling tower blowdown ditch was used to convey wastewater from the cooling tower to the industrial waste pond (DOE et al. 1998). Wastewater contained water‑treatment chemicals and hexavalent chromium from a chromate-based corrosion inhibitor. During 1962 through 1980, wastewater also contained concentrations of sulfuric acid and sodium hydroxide. Following a pH measurement of 1.86 in 1986, a neutralization tank was installed to treat water prior to ditch disposal. 
The interceptor canal was used to transport industrial waste and cooling tower effluent to the industrial waste pond and to divert local surface runoff for flood control. The pipeline that transported industrial wastes also transported liquid radioactive wastes that were diverted to the leach pit. The presence of cesium-137 in canal sediments indicates that some radioactive wastes were transported with the industrial wastes.

Ditches A, B, and C also conveyed wastewater to the industrial waste pond. Based on contaminant concentrations, these other ditches transported wastewater containing mercury, chromium, and zinc. The industrial waste pond received wastewater from these different ditches. Contaminants present in pond sediments indicate that wastewater contained concentrations of cesium-137, trivalent chromium, mercury, selenium, and zinc (DOE et al. 1998). 

The sewage lagoons are sealed with bentonite clay. Photo processing solutions were discharged to the sewage lagoons. Also, no known radioactive or hazardous substances have been released to the lagoons.

Wastewater disposed to the lined EBR-II leach pit contained 10.4 Ci of radioactivity derived primarily from cesium-137, strontium-90, cobalt-60, and uranium-238. Other sources of contaminants included the main cooling tower riser pits. The presence of arsenic, trivalent chromium, lead, and mercury in pit sediments indicates that these inorganic contaminants were contained in wastewater disposed to the pits. 

Transport Mechanisms—Contaminant transport in the subsurface occurs as wastewater, which contains contaminants that infiltrate pond, ditch, and pit bottoms. This transport mechanism requires water volumes sufficient to sustain flow through the vadose zone. Processes of sorption tend to inhibit transport; these processes are evident in subsequent discussion of contaminant distribution in the subsurface at ANL-W. 
Extent of Contamination—Soil and sediment samples collected from the industrial waste pond as part of four different investigations during 1986 through 1994 contained concentrations of cesium-137, trivalent chromium, mercury, selenium, and zinc (DOE et al. 1998). The area of surficial contamination was estimated to be approximately 200 ( 250 ft and contamination was contained in the upper 0.5 ft of pond sediments. Mercury was contained along the entire length of ditch A and in the upper 0.5 ft of sediments. Trivalent chromium and zinc were contained in sediments in ditch B (DOE et al. 1998). Mercury, which was contained in sludge samples from the sewage lagoons, was contained in sediments along the entire reach of ditch C (DOE et al. 1998). Sediment samples from the entire length of the main cooling tower blowdown ditch contained mercury and chromium. Most of the contaminants have been retained in the top 0.5 ft of sediment.

The interceptor canal sediments contained concentrations of cesium-137. Cesium-137 also is contained in sediments dredged from the canal and disposed to a mound on the canal bank.

The water quality monitoring network at ANL-W consists of four monitoring wells and one production well (Argonne National Laboratory 2002). In addition, the USGS routinely monitors water chemistry in three more local wells near ANL-W (Bartholomay et al. 2000). No contaminants have been detected in water from ANL-W monitoring wells completed in the SRPA.

3.9.3 Numerical Analyses

The GWSCREEN model was used to evaluate the fate and transport of groundwater contaminants at ANL-W (DOE et al. 1998; Lee et al. 1997). This numerical analysis determined that arsenic and chromium are the only contaminants at ANL-W that pose a potentially unacceptable groundwater contaminant risk. The chromium risk was less than the 10-6 while the arsenic risk was calculated to be 3 ( 10-4 for ingestion of groundwater. Because arsenic was determined to originate from natural sources, it was screened as a COC.

3.9.4 Summary of Competing Hypotheses and Additional Data Requirements

A detailed conceptual model of groundwater flow and contaminant transport has not been prepared for ANL-W because ANL-W does not pose significant groundwater problems. Studies describing hydrogeologic conditions at ANL-W do not present competing hypotheses concerning components of the conceptual model of flow and contaminant transport. They do highlight two important features concerning contaminant migration.

Wastewater Disposal—The absence of detectable concentrations of contaminants in water from the SRPA at ANL-W is attributed to the relatively small volumes of wastewater discharged to ditches, ponds, and pits and to the relatively small amounts of radioactive and nonradioactive chemical contaminants. Most of the contaminants sorb to surficial sediments, as evidenced by the largest distribution of cesium‑137 and trace elements in the upper 0.5 ft of pond and ditch sediments.

Thick Vadose Zone—The thick vadose zone is characterized by both fractured and massive, nonfractured basalt flows. Based on limited information, the massive flows may provide a barrier to vertical flow and migration of contaminants. The vadose zone is characterized by few, areally continuous sedimentary interbeds. The absence of these interbeds limits formation of perched groundwater bodies.
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