
2. SUBREGIONAL GEOHYDROLOGIC STUDIES

Numerous researchers have studied the geology and hydrology of parts of the ESRP that include the INEEL (see Figure 2-1). Some of these studies were conducted to assist in facility construction, while others were conducted to monitor the movement of contaminants through the subsurface. Each of these studies represented an evolving understanding of subregional groundwater flow and contaminant transport. The following section describes key studies representing groundwater flow and contaminant transport at the INEEL. Subsequent sections will present and contrast key geologic and hydrologic components of the conceptual models that were developed in each of these studies.

2.1 Previous Subregional Studies

The DOE and its predecessor agencies, DOE Contractors, and the United States Geological Survey (USGS) have conducted geohydrologic studies since the late 1940s within the INEEL subregion to characterize groundwater flow and contaminant transport and to evaluate risk to human health and the environment. Other researchers, including State of Idaho agencies, other federal agencies, and universities, have participated in studies at and near the INEEL in conjunction with regulatory, oversight, and research programs.

2.1.1 United States Geological Survey

The present USGS conceptual model of subregional groundwater flow at the INEEL has evolved from a series of investigations that began in the late 1940s. These investigations included site characterization studies and studies that evaluated aspects of the fate and transport of contaminants in the subsurface. The USGS also has maintained long-term monitoring networks designed to collect water‑quality and water-level data from numerous wells at the INEEL.

Beginning in 1948, the USGS conducted a series of geologic and hydrologic studies at the INEEL in conjunction with the construction, operation, and environmental safety of facilities. Most of this early work was summarized in a series of USGS Professional Papers (Nace et al. 1972 and 1975).

During the 1970s, the USGS conducted a subregional assessment of contaminant transport. This work included the continued development of conceptual models of flow and transport as part of numerical modeling work presented in a series of reports by Robertson (1974 and 1977). The work by Nace et al. and Robertson contributed greatly to the present understanding of the geohydrologic framework and of the distribution and transport of contaminants in groundwater.

In 1986, the USGS initiated a series of studies to develop a comprehensive conceptual model of groundwater flow at the INEEL. This series included subregional studies that described the basalt‑sediment stratigraphy and geohydrologic framework of the SRPA at the INEEL (Anderson et al. 1996 and 1997; Anderson and Liszewski 1997; and Anderson et al. 1999), distribution of aquifer hydraulic properties (Ackerman 1991a, 1991b; Anderson et al. 1999), and episodic recharge from surface‑water features (Bennett 1990). These studies drew heavily from the earlier work by Nace et al. and Robertson, and from regional work conducted as part of the USGS Regional Aquifer Systems Analysis (RASA). The body of work will be summarized in a report describing the conceptual model of flow in the INEEL subregion (Ackerman et al. in preparation).
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Figure 2‑1.  Location of the INEEL, INEEL facilities, and selected surface water features.

A USGS study that provided a better understanding of underflow into the INEEL subregion was conducted in the early 1990s. This study evaluated water-use alternatives in the Mud Lake area (see Figure 2-1) northeast of the INEEL (Spinazola 1994). This study incorporated parts of the northern INEEL downgradient from Mud Lake.

Several site-specific studies were conducted by the USGS to provide improved understanding of subregional groundwater flow. Beginning in 1998, the USGS initiated a study to better characterize the role of sedimentary interbeds in vadose-zone flow and contaminant transport. This study included a drilling component designed to develop techniques for recovery of relatively undisturbed, unconsolidated interbed samples. It also included a component to evaluate hydraulic characteristics of these interbeds (Perkins and Nimmo 2000). In 1999, the USGS conducted a tracer study (Nimmo et al. 2001) in the INEEL spreading areas (see Figure 2-1). This test demonstrated rapid lateral flow in the vadose zone over large distances exceeding 1 kilometer. The USGS continues to use a deep drilling program designed to improve the understanding of subregional stratigraphic and structural features controlling groundwater flow.

A series of USGS studies evaluated geochemical data to improve the understanding of groundwater flow and contaminant transport in the INEEL subregion. One of these studies (Knobel et al. 1997) delineated natural geochemical reactions to determine the effect of rock/water interaction on groundwater chemistry at the INEEL. Another study (Carkeet et al. 2001; Swanson et al. 2002) evaluated the geochemistry of water from tributary mountain drainages that contribute recharge as underflow and surface flow to the ESRP. Busenberg et al. (1993, 1998, 2000, and 2001) used chlorofluorocarbon and isotopic data to evaluate recharge, geochemical interactions, and groundwater flow in the subregion. Cecil et al. (2000) used measured contaminant concentrations in groundwater as tracers to evaluate characteristics of flow, including regional-scale aquifer dispersivity. A series of reports described laboratory studies to evaluate the strontium-partitioning coefficient for interbeds and basalts (Liszewski et al. 1997, 1998; Colello et al. 1998; Pace et al. 1999; and Rosentreter et al. 1999).

2.1.2 INEEL Researchers

Evaluation of subregional groundwater flow and contaminant transport has included numerous research studies over the last 50 years. The subsequent sections describe those studies conducted in support of WAG-10 and numerous site-specific studies that have provided valuable information about subregional flow and transport.

2.1.2.1 WAG-10 Research

Since the early 1990s, INEEL researchers have conducted a subregional assessment of groundwater flow and contaminant transport to support environmental restoration activities at the INEEL and its facilities. This work, known as WAG 10 studies, was implemented through the FFA/CO and signed in 1991 by the DOE, the EPA, and the State of Idaho. This assessment, based in part on earlier USGS and other investigations, consisted of a sequence of numerical and other studies to evaluate groundwater flow in the subregion. These INEEL studies included development of an Environmental Impact Statement numerical model (Arnett and Springer 1994). This model was used to simulate flow and contaminant transport in the south-central part of the INEEL. McCarthy et al. (1995) constructed a regional WAG-10 numerical model. This model included the entire ESRP to examine flow at the INEEL, while preserving regional influences.

A series of temperature studies has been conducted since the 1960s to examine heat flow and structural features (Blackwell 1989 and 1990; Blackwell and Steele 1992; Blackwell et al. 1992; Olmsted 1962; Smith et al. 2001; Brott et al. 1981; and Wood and Bennecke 1994). These studies provided information about the base of the SRPA and supported groundwater mass balance studies. 

Smith et al. (2000) examined the implications of water temperature, water chemistry, and the regional geophysical setting in defining groundwater flow through the INEEL subregion. Smith (2001) evaluated the thickness of the SRPA at the INEEL to support WAG-10 numerical modeling efforts. Johnson et al. (2000) and Roback et al. (2001) used naturally occurring isotopes of strontium and uranium to delineate flow paths in the SRPA.

Arnett and Smith (2001) presented many of the components of the INEEL conceptual model of groundwater flow. These components integrated conceptual components derived from previous INEEL, USGS, and other geohydrologic studies. Work has continued since the release of the conceptual model report to refine the understanding of the geohydrologic framework and other components of the conceptual model.

2.1.2.2 Site-Specific Research

A series of site-specific studies were conducted by INEEL researchers that provided further understanding of the characteristics of subregional groundwater flow. In 1979, a 10,365-ft deep test hole (see Figure 2-1) was drilled to evaluate possible geothermal resources beneath the INEEL. Information acquired from this test hole (Mann 1986) provided information about geohydrologic conditions in rocks underlying the SRPA.

The Radioactive Waste Management Complex (RWMC) Subsurface Investigation Program at the RWMC was conducted during 1983-89. This study was a comprehensive investigation of the hydrology, geology, and geochemistry of the RWMC as it related to contaminant transport (DOE 1983). The Integrated Large-Scale Pumping and Infiltration Tests (Wood and Norrell 1996) provided information about hydrologic properties of the vadose zone and SRPA near the RWMC at the INEEL and examined the implications of vadose-zone flow in that part of the INEEL subregion. This study provided valuable information about the capability of the vadose zone to transport water and contaminants to the aquifer.
INEEL researchers evaluated water-rock interactions and their effects on transport of radionuclides (Johnson et al. 2000; Luo et al. 2000). This work also provided information about preferential flowpaths in the aquifer. In 2000, INEEL researchers initiated the vadose-zone research park in conjunction with construction of new Idaho Nuclear Technology and Engineering Center (INTEC) wastewater disposal ponds 2 mi southwest of INTEC (see Figure 2-1). This park consists of a series of instrumented testholes installed prior to wastewater disposal to evaluate effects of wastewater infiltration on the vadose zone. Additionally, researchers have conducted numerous facility-specific studies designed to evaluate contaminant transport at a smaller scale. Key facility-scale studies are presented in later sections of this summary. These studies also have provided information about subregional movement of water and contaminants.

2.1.3 Other Researchers

University and State of Idaho researchers have conducted studies that have provided information about subregional groundwater flow and contaminant transport. Frederick and Johnson (1996 and 1997) evaluated vertical characteristics of flow in the SRPA. Welhan and Wylie (1997) and Welhan and Reed (1997) examined the distribution of hydraulic properties of the aquifer. 

2.2 INEEL Subregional Conceptual Models of Flow and Transport

Conceptual models of flow and transport within the INEEL subregion integrate the evolving understanding of the geologic framework and hydrologic conditions of the subregion. Two subregional conceptual models presently in preparation are the USGS conceptual model and the WAG-10 conceptual model.

2.2.1 Components of Subregional Conceptual Models of Saturated and Unsaturated Flow

Subregional researchers developed their conceptual understanding of flow based on their best understanding of the subregional geometry, distribution of bulk hydraulic properties, and subregional aquifer inflow and outflow. The following sections summarize components of these concepts as presented in the USGS and WAG-10 subregional studies.

2.2.1.1 Mathematical Representation of Subregional Groundwater Flow

Subregional studies typically assume that groundwater flow at the scale of the INEEL is best represented mathematically as flow through a porous media. Robertson (1974) assumed that subregional flow in the aquifer obeyed Darcy’s law but stated that this assumption may not be completely accurate. Whitehead (1992) stated that “while hydraulic properties of basalt vary widely within a short distance, the effects of local heterogeneity may be minimized at a larger scale and homogeneous conditions may be assumed.”

USGS—The USGS conceptualizes subregional groundwater flow as occurring through an equivalent porous media with nonuniform properties (Ackerman et al. in preparation). Ackerman et al. states that this representation is considered appropriate for modeling subregional transport of conservative, nonsorbing contaminants. Flow is considered to be unconfined but the layered system is characterized by very small ratio of vertical to horizontal permeability. The USGS conceptual model incorporates large-scale heterogeneity by virtue of its three‑unit definition of the geologic framework and the anisotropic character of individual units and nonuniform geometry. The model does not deal with small-scale heterogeneity.
WAG-10—The WAG-10 conceptual model of subregional flow, similar to that of the USGS, represents flow in the subregion as occurring through an equivalent porous media. The system is characterized by large-scale heterogeneities.
2.2.1.2 Geometry of the Subregion

The following sections review and contrast system dimensions and describe stratigraphic and structural controls of groundwater flow and contaminant transport as conceptualized in the USGS and WAG-10 subregional studies.

Subregional System Dimensions—The lateral dimensions of the various INEEL subregional studies differ because no distinct subregional hydrologic boundaries exist to the northeast, southwest, and southeast. Limited vertical stratigraphic data provide different conceptual models of the thickness of the SRPA.

USGS—The USGS subregional conceptual model encompasses 1,940 mi2 of the ESRP (see Figure 2-2) and is intermediate in size between the regional flow system (10,800 mi2; see Figure 1-3) and the INEEL facility-scale (see Figure 1-2; Ackerman et al. in preparation), which is less than about 10 mi2. The subregion is smaller than the subregion defined by Robertson (2,600 mi2, extending from the north INEEL boundary to approximately 25 mi south of the INEEL). The USGS subregional system is approximately 70 mi long and 30 mi across (see Figure 2-2), beginning at the 4,600-ft elevation groundwater contour to the northeast. The subregion is bounded to the southeast by a southwest-trending groundwater flow path along the eastern INEEL boundary and is bounded to the northwest by the mountains and tributary valleys of the Bitterroot, Lemhi, Lost River, and Pioneer mountain ranges. The subregion is bounded to the southwest approximately 25 mi downgradient from the southern boundary of the INEEL, at a distance sufficient to include known contaminant concentrations (chlorine-36) in groundwater. (Ackerman et al. in preparation). Robertson’s study assumed that the subregional thickness of the aquifer averaged 250 ft because of apparent layering effects. According to Robertson, “This upper layer appears to be somewhat separated from and more permeable than the lower zones” (Robertson 1974; Robertson et al. 1974).
The current USGS conceptual model groups the complex basalt stratigraphy of the ESRP into three hydrogeologic units (unit 1, unit 2, and unit 3) based on geologic similarities and inferred common hydraulic properties (see Figure 2-3; Ackerman et al. in preparation). Unit 1 consists of many thin, fractured basalt flows and interbedded sediments; unit 1 basalts occur immediately below the water table in the central part of the INEEL subregion and range in thickness from 0 to perhaps as much as 300 ft. Unit 2 underlies unit 1 and consists of thick, dense basalt flows and interbedded sediments; unit 2 rises above the water table in the southwestern part of the INEEL subregion. Unit 3 consists of rocks of intermediate age that are slightly altered and interbedded with sediments; unit 3 rocks are present east of the Big Lost River and represent the thickest and deepest parts of the aquifer. Based on Whitehead’s (1986) estimates from electrical resistivity and drillhole data, the base of unit 3 may exceed 2,500 ft below the water table in the eastern part of the subregion and more than 4,000 ft in the southwestern part.

WAG-10—The WAG-10 conceptual model (see Figure 2-4) was extended beyond INEEL boundaries to “better accommodate regional effects and to ensure that groundwater movement beyond the INEEL boundaries can be included” (Arnett and Smith 2001). The WAG-10 conceptual model is bounded on the northwest by the mountains and tributary valleys of the Bitterroot, Lemhi, Lost River, and Pioneer Mountain Ranges. The southwest boundary corresponds to an equipotential line of the water table that is sufficiently distant from the INEEL. The northeast boundary overlaps a part of the USGS Mud Lake model area (Spinazola 1994) to permit use of fluxes calculated from Spinazola’s numerical modeling study as underflow into the subregion. The southeastern boundary corresponds to a southwest trending flow line across which no flow is assumed. The OU 10-08 subregion includes about 3,000 mi2 of the ESRP.
Smith (2001) used an aquifer temperature data set and an electrical resistivity data set in conjunction with limited deep testhole data to develop two interpretations of aquifer thickness (see Figure 2‑5). The “thick” aquifer interpretation, based on colder temperatures, includes a north‑trending zone exceeding 1,300 ft in thickness (400 m). The thin aquifer interpretation minimizes aquifer thickness, assuming that the aquifer gradually thickens toward the center of the plain from a thickness of 328 ft (100 m) or less along the northwest to a maximum of 1,300 ft (400 m). Both thickness models will be evaluated in the WAG-10 numerical groundwater model.

The WAG-10 conceptual model uses hydrogeologic units similar to those of the USGS based on Anderson et al. (1996) stratigraphic data and interpretations. An upper, fractured basalt is equivalent to the USGS unit 1. Composite layer 7 is equivalent to USGS unit 2. Composite layer 7 intersects the water table south of the INEEL. It is not perceived to be a flow barrier because of perceived large-scale heterogeneity.
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Figure 2‑2.  Extent of the USGS INEEL subregional conceptual model, eastern SRPA, Idaho (From Ackerman et al. in preparation).
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Figure 2‑3.  Geohydrologic units differentiated in the USGS INEEL subregional conceptual model from stratigraphic data (modified from Ackerman et al., in preparation).
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Figure 2‑4.  Extent of WAG-10 conceptual model of the INEEL subregion (from Arnett and Smith 2001).
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Figure 2‑5.  WAG 10 interpretations of aquifer thickness for the INEEL subregion (from Arnett and Smith 2001).
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Figure 2-5.  (continued).

Stratigraphic Controls on Groundwater Flow—The vadose zone and SRPA in the INEEL subregion is comprised of at least 178 basalt-flow groups, 6 andesite-flow groups, 103 sedimentary interbeds, and at least 4 rhyolite domes (Anderson and Liszewski 1997). The small-scale stratigraphic heterogeneity associated with individual basalt flows and large-scale heterogeneities associated with this complex stratigraphic sequence (see Figure 2-3) affect the horizontal and vertical flow of water in the subregion.
USGS—Jones (1963) describes flow through basalts as occurring in very permeable sheets of flow breccia, scoria, and cinders. He notes that these sheets are of variable thickness and are underlain and overlain by dense basalt. Individual sheets may extend laterally for miles and even tens of miles, providing continuous conduits for flow. Tracer studies and sustained yields of wells substantiate that these sheets are connected vertically through fractures with other sheets, providing continuity throughout the aquifer system. Flow barriers occur where these sheets terminate. Robertson et al. (1974) state that “most of the permeability of the basaltic portions of the aquifer can be attributed to large voids, fissures, crevices, and other macroscopic openings associated with the interflow zones.”
Garabedian (1992) cites the work of Davis (1969), which states that the hydraulic conductivity associated with a single basalt flow is anisotropic, with the largest values in the direction of the flow and parallel to the orientation of rubble zones, lava tubes, and cooling fractures. Garabedian concludes that anisotropy associated with single flows is minimized at larger scales because the alignment of the numerous basalt flows in the plain is random. According to Anderson et al. (1999), hydraulic conductivity is largest in thin pahoehoe flows and near-vent volcanic deposits. Hydraulic conductivity is smallest in flows and deposits cut by dikes.

The upper basalts (unit 1) of the SRPA within the INEEL subregion are characterized by tube-fed pahoehoe flows with numerous, very permeable interflow zones (Ackerman et al. in preparation). Lower basalts (unit 2) consist of thick tube-fed pahoehoe flows with dense flow interiors and few interflow zones. The slightly to moderately altered basalts of intermediate age (unit 3) are characterized by reduced effective porosity. Increased percentages of sediments related to the coalescing depocenters of the Big Lost River, Little Lost River, Birch Creek, Camas Creek, and Mud Lake are correlated to changing hydraulic gradients across the INEEL.

WAG-10—The stratigraphic framework of the WAG-10 conceptual model is built on subregional correlations by Anderson and Liszewski (1997). Sediment content associated with the Big Lost River trough may control local changes in hydraulic gradient. WAG-10 stratigraphy includes a sedimentary interbed, identified by Anderson (1991) as the HI interbed, overlying Anderson’s I basalt flow group in the vicinity of INTEC. This interbed is a key lithologic surface for the WAG 3 conceptual model (Arnett and Smith 2001). Arnett and Smith (2001) note that this interbed locally can affect groundwater flow.
Structural Deformation—The geology of the ESRP has been modified by regional structural deformation and the nature of basaltic volcanism on the plain. Movement of water and transport of contaminants through the vadose zone and the SRPA within the INEEL subregion is controlled by large-scale heterogeneities associated with deformation and volcanism. Differential uplift and subsidence in the INEEL subregion has been attributed, in part, to the cyclic emplacement of mafic materials and subsequent eruptive periods (Anderson et al. 1997). Older basalt flow groups may have been tilted, folded, and fractured repeatedly by this process of structural deformation (Anderson 1991). Alternatively, apparent deformation may result from complex juxtaposition of chemically different basalts derived from different source areas. Geologic features modified by structural deformation may include rising or dipping units, possible fractured basalt flows, and abrupt lateral changes in ages and sediment content of stratigraphic intervals. These features, attributed to past differential subsidence and uplift, may affect groundwater flow and contaminant transport (Anderson and Liszewski 1997).
Anderson and Liszewski (1997) observe that “the locations of concealed stratigraphic and lithologic features attributed to areas of past differential subsidence and uplift at and near the Central Facilities Area (CFA), TAN, and RWMC and past differential subsidence beneath the Big Lost River coincide with the locations of observed changes in hydraulic gradients of the water table…” According to Anderson and Liszewski (1997), “The coincidence of changes in hydraulic gradients and concealed stratigraphic and lithologic features attributed to past differential subsidence and uplift suggest that these features may affect the movement of water and waste in the aquifer at and near the INEL.”

Ackerman et al. (in preparation) infer the structural rise of thick, small permeability basalts above the water table southwest of the INEEL subregion. They suggest that this rise may force groundwater to flow at an angle to the longitudinal orientation and maximum permeability of the interflow zones between basalt flows. This apparent feature corresponds to a steepening of the hydraulic gradient in that area because the permeability across the thickness of the basalt flows probably is much smaller than the longitudinal permeability. Alternatively, the steepening gradient may largely be attributed to a sedimentary trough or rift-zone features. Vertical fractures derived from differential subsidence and uplift may cut many basalt flows and interbeds in the subregion (Anderson 1991). Anderson notes that these fractures may provide channels for movement of water and contaminants through the unsaturated zone to the aquifer.

The distribution of hydraulic properties in the INEEL subregion is related, in part, to structural features such as sedimentary troughs (Ackerman et al. in preparation). Ackerman et al. (in preparation) suggest that the hydraulic gradient is controlled, to some extent, by the combined thickness of sedimentary interbeds, which originated in part from large-scale differential subsidence. Anderson and Liszewski (1997) note that hydraulic gradient changes are associated with changes in sediment content related to subsidence. Arnett and Smith (2001) state that the distribution and lithology of sedimentary interbeds within basalts exert a strong influence on flow in the vadose zone and in the aquifer in the INEEL subregion. According to Arnett and Smith, the thick section of lake sediments deposited in the Mud Lake area may impede groundwater flow, resulting in steeper hydraulic gradients. In contrast, the distribution and lithology of interbeds to the south may enhance flow through the central part of the INEEL.

Large changes in aquifer thickness throughout the subregion are attributed to tectonic subsidence and uplift that control the configuration of subregional hydrogeologic units (Ackerman et al. in preparation). Anderson et al. (1997) suggest that differential uplift and subsidence controlled the apparent rates of basalt and sediment accumulation and stratigraphic section thicknesses. Anderson and Liszewski (1997) observe that reduced stratigraphic thicknesses mountainward of the Big Lost River can be attributed to differential subsidence. According to Anderson and Liszewski (1997), steeper hydraulic gradients are correlated to these reduced stratigraphic thicknesses attributed to differential subsidence. Arnett and Smith (2001) observe that strong subsidence in the north‑central part of the INEEL resulted in a large, persistent, closed basin in which a thick sequence of lake sediments (as much as 100 m thick) has accumulated. Anderson and Liszewski (1997) also attribute increased sediment content near TAN to subsidence.

Volcanism—The particular nature of volcanism on the ESRP is responsible for the resulting stratigraphy and present landforms, including a sequence of volcanic rift zones, plains-style volcanism (Knutson et al. 1990), large-scale distribution of Quaternary and Tertiary basalts and sediments, and silicic volcanic features.
Structural features related to the nature of volcanism on the ESRP may affect the movement of groundwater and contaminants. These features include volcanic rift zones and associated volcanic features. Several volcanic rift zones occur within the INEEL subregion (Kuntz et al. 1992). These rift zones include the Arco-Big Southern Butte volcanic rift zone, the Lava Ridge-Hells Half Acre rift zone, and the Circular Butte-Kettle-Butte rift zone (see Figure 2-6). Each of these rift zones is characterized by numerous fissures, dikes, and past volcanic eruptions.

Arnett and Smith (2001) observe that northwest-oriented major faults and rift zones perpendicular to the ESRP axis may locally influence the direction of groundwater flow, creating local anisotropy. Garabedian (1992) similarly notes that large-scale fractures in rift zones perpendicular to the axis of the ESRP may result in anisotropy of flow over broad areas.

Anderson et al. (1999) observe that the largest range of hydraulic conductivity occurs in volcanic rift zones with many aligned vents and fissures. According to Anderson et al. (1999), “The largest variety of rock types and the greatest range of hydraulic conductivity are in volcanic rift zones, which are characterized by numerous aligned volcanic vents and fissures related to underlying dikes. Volcanic features related to individual dike systems within these rift zones are approximated in the subsurface by narrow zones referred to as vent corridors. Vent corridors at and near the INEEL generally are perpendicular to groundwater flow and average about 1 to 2 mi wide and 5 to 15 mi long. Forty-five vent corridors are inferred to be beneath the INEEL and adjacent areas” (see Figure 2-7).

The distribution of numerous volcanic features associated with vent corridors may affect the distribution of hydraulic properties (Anderson et al. 1999). Areas near volcanic vents may provide localized, preferential pathways for groundwater flow. Dikes may impede flow and reduce the hydraulic conductivity (Meyer and Souza 1995; Hughes et al. 1997). Anderson and Liszewski (1997) note that hydraulic gradient changes within the INEEL subregion are, in part, associated with a zone of numerous fissures, dikes, and past volcanic eruptions related to the Arco-Big Southern Butte volcanic rift zone. Vent corridors at the INEEL typically are oriented at right angles to the subregional direction of groundwater flow. Heterogeneities in the distribution of hydraulic properties associated with these vent corridors may control local and subregional transport of contaminants. For example, the longitudinal dimension of a TCE plume at TAN is oriented approximately 90 degrees from the southwest direction of groundwater flow expected from water-level data and nearly parallel to the orientation of rift zone features (Hughes et al. 1997). Similarly, Kuntz et al. (2002) observe that low hydraulic conductivities and distortions in the distribution of strontium-90 concentrations in groundwater south of INTEC may be associated with a concealed vent corridor. At the subregional scale, Anderson et al. (1999) suggest that the hydraulic complexities associated with vent corridors may affect the dispersion of tritium and other contaminants in the aquifer.

The position of the Big Lost River has long been controlled by basalt flows (Arnett and Smith 2001). As a result, thicker composite accumulations of sedimentary interbeds along the present-day channel of the Big Lost River have been observed. Arnett and Smith (2001) note that numerous interbeds occur beneath the present channel and become less numerous and decrease in thickness away from the channel.

Rhyolitic ash-flow tuffs underlie the Snake River Plain basalts at the INEEL at depths ranging from 2,200 to 3,800 ft bls (Anderson et al. 1999). These tuffs typically are altered hydrothermally, with fractures sealed by secondary mineralization (Garabedian 1992).
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Figure 2‑6.  Location of volcanic rift zones in the INEEL subregion (adapted from Bartholomay et al. 2002).
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Figure 2‑7.  Location of vent corridors at the INEEL (from Anderson et al. 1999).

2.2.1.3 Bulk Hydraulic Properties

Hydraulic properties of basalts and sedimentary units of the SRPA and vadose zone include hydraulic conductivity and the storage coefficient. This section will review and contrast the distribution of hydraulic properties as conceptualized in the USGS and WAG-10 subregional studies.

Permeability—Hydraulic conductivity is a measure of the capacity of a geologic medium to transmit water. The hydraulic conductivity distribution within basalts and interbedded sediments of the SRPA controls the configuration of the flow field and contaminant migration in the aquifer.
USGS—Geohydrologic data from the 10,365-ft deep test hole INEL-1, located southwest of the Naval Reactors Facility (NRF), indicate that the hydraulic conductivity of rocks below a depth of 1,500 ft is much smaller than that of basalts in the upper 200 to 800 ft. If these conditions persist over the INEEL, hydraulic conductivity of the deeper rocks may be two to five orders of magnitude less than the shallow basalts (Mann 1986). According to Anderson et al. (1999), the hydraulic conductivity of basalt and interbedded sediment that comprise the SRPA at and near the INEEL ranges from about 1.0 ( 10-2 to 3.2 ( 104 ft/d. Anderson et al. (1999) state that “this six-order of magnitude range of hydraulic conductivity was estimated from single-well tests in 114 wells, and is attributed mainly to the physical characteristics and distribution of basalt flows and dikes.” Anderson et al. (1999) note that “three broad categories (i.e., category 1, category 2, and category 3) of hydraulic conductivity corresponding to six general types of geologic controls can be inferred from the distribution of wells and vent corridors. Hydraulic conductivity of category 1 ranges from 1.0 ( 102 to 3.2 ( 104 ft/d, and corresponds to 1) the contacts, rubble zones, and cooling fractures of thin, tube-fed pahoehoe flows; and 2) the numerous voids present in shelly pahoehoe and slab pahoehoe flows and bedded scoria, spatter, and ash near volcanic vents. Hydraulic conductivity of category 2 ranges from 1.0 ( 100 to 1.0 ( 102 ft/d, and corresponds to 1) relatively thick, tube-fed pahoehoe flows that may be ponded in topographic depressions; and 2) thin, tube-fed pahoehoe flows cut by discontinuous dikes. Hydraulic conductivity of category 3 ranges from 1.0 ( 10-2 to 1.0 ( 100 ft/d, and corresponds to 1) localized dike swarms; and 2) thick, tube-fed pahoehoe flows cut by discontinuous dikes.”
Bulk hydraulic conductivity of the fractured basalt of unit 1 ranges from about 0.01 to 32,000 ft/d (Anderson et al. 1999). Estimates greater than 100 ft/d are principally associated with interflow zones of thin flows. Smaller estimates locally may be associated with postulated dikes or dike swarms. Ackerman et al. (in preparation) estimates that the bulk hydraulic conductivity for dense basalt of unit 2 at the INEEL ranges from about 0.01 to 800 ft/d. The average hydraulic conductivity of unit-3 basalts probably is about one order of magnitude smaller than that of younger basalts (Ackerman et al. in preparation).

WAG-10—INEEL researchers concur with the large range of hydraulic conductivity. Distributions of hydraulic conductivity were not presented in the WAG-10 conceptual model (Arnett and Smith 2001). Average values at the subregional scale have not been estimated because of heterogeneity attributed to the complex stratigraphy of basalt and the effects of volcanic rift zones on hydraulic properties (even at the large scale) and because of the potential to assign misleading mean property values
.
Other Researchers—According to Frederick and Johnson (1997), aquifer test results at INTEC support a conceptual model of an aquifer locally characterized by heterogeneous hydraulic properties that appear to be more homogeneous when examined in a sufficiently large scale. Tests suggest that vertical hydraulic conductivity is substantially less than horizontal hydraulic conductivity (Frederick and Johnson 1997). These tests also indicate that the aquifer responds to stress as a leaky confined system, with contributions from above and beneath (Frederick and Johnson 1997).
Welhan and Reed (1997), in a study conducted by the Idaho Geological Survey and Idaho State University, analyzed the regional spatial correlation structure of bulk horizontal hydraulic conductivity in fractured basalt of the ESRP. They suggest that the spatial distribution of zones of large hydraulic conductivity may be controlled by the lateral dimensions, spatial distribution, and interconnection between highly permeable interflow zones.

Storage—The storage coefficient is the measure of the capability of an aquifer to store water. The storage coefficient is defined as the volume of water released from a unit column of aquifer under a unit decline in head. The storage coefficient of an unconfined aquifer is approximated by the specific yield, the ratio of the volume of water that a given mass of rock will yield to gravity to the volume of that rock mass. The effective porosity is the percentage of rock volume that consists of interconnected voids. The effective porosity of the SRPA includes open fractures, interconnected vesicles, and rubble-zone openings in basalt and intergranular openings in sedimentary interbeds.
USGS—Robertson (1974) assumed the storage coefficient to be 0.10 based on best available evidence. Laboratory determinations of total and effective porosity made from basalt cores at the INEEL ranged from 0.06 to 0.37 and 0.04 to 0.22, respectively (Johnson 1965). In the current USGS subregional conceptual model, the storage coefficient of fractured basalt is estimated to range from 0.05 to 0.25. The storage coefficient of dense basalt probably is at the lower end of this range (Ackerman et al., in preparation).
WAG-10—Subregional-scale distributions of effective porosity and storage coefficient were not presented in the WAG-10 conceptual model (Arnett and Smith 2001). However, Arnett and Smith reported that several smaller-scale INEEL models have used average effective porosities of about 3 to 5%. The WAG-10 model needs to consider this low effective porosity range in the smaller-scale models in estimating subregional-scale values. This may be an issue of scale or a lack of definition that needs to be resolved between the subregional and facility scales. Average values at the subregional scale have not been estimated because of heterogeneity, even at the large scale, and because of the potential to assign misleading mean property values (see footnote 1).
Other Researchers—Frederick and Johnson (1996) conducted packer tests in four wells near INTEC. Test data indicated that the basalts of the SRPA respond locally as a layered system comprised of an unconfined aquifer overlying a leaky confined aquifer. Frederick and Johnson estimated that the storage coefficient for the system was 0.009, the specific yield of the unconfined aquifer (Frederick and Johnson 1996).
2.2.1.4 Subregional Inflows and Outflows

Flow into and out of the INEEL subregion occurs as regional underflow, flow across the base of the aquifer, areal and episodic recharge to the water table, and tributary basin underflow. This section will review and contrast physical and hydrologic boundaries to the INEEL subregion as conceptualized in the USGS and WAG-10 subregional studies.

Regional Underflow—Regional groundwater flow within the ESRP passes through the INEEL subregion. No direct measurement has been made to quantify this flux. Estimates have been indirectly calculated using known head gradients and hydraulic properties of the SRPA at upgradient and downgradient boundaries to the subregion.
USGS—Underflow across the northeast boundary (see Figure 2-2) is estimated to be 1,225 ft3/s (approximately 887,000 acre-ft/year; Ackerman et al., in preparation). This underflow estimate is based on published gradient data and transmissivity estimates. Underflow leaving the subregion across the southwest boundary is estimated to be 2,350 ft3/s.
WAG-10—Regional underflow into the area of the WAG-10 conceptual model is derived from the northern part of the ESRP across its northeast boundary (Arnett and Smith 2001). This underflow is based on outflows estimated from a numerical modeling study (Spinazola 1994). Spinazola estimates underflow out of the Mud Lake subregion to be 938,000 acre-ft/year (1,298 ft3/s), within about 5% of the USGS underflow estimate.
Flow Across the Base of the Aquifer—The SRPA is underlain by older basalts and rhyolitic rocks characterized by low permeability. Water may move from these deeper rocks into the aquifer or may move from the aquifer into the deeper rocks. Little information is available about the magnitude or direction of flow across this boundary.
USGS—The hydraulic head increased with depth across the estimated base of the aquifer in the INEL-1 test hole. If conditions observed in the INEL-1 test hole persist over the INEEL subregion, the deep, low-permeability rocks may contribute an upward component of flow to the SRPA (Mann 1986). Mann (1986) estimated a flow of only about 20 ft3/s across the INEEL. This rate of flow, if extended to the USGS INEEL subregion, would be about 44 ft3/s, about 2% of the total water budget (Ackerman et al. in preparation).
WAG-10—The WAG-10 conceptual model observes that the hydraulic conductivity at the base of the aquifer is greatly reduced compared to the overlying aquifer (Arnett and Smith 2001). This reduction in hydraulic properties probably restricts aquifer recharge from deeper rocks. A small upward flow probably occurs across the bottom of the aquifer. Locally, these flows may be larger as evidenced by higher temperatures (see footnote 1).
Mountain Front—The mountain-front boundary to the northwest of the INEEL subregion consists of the edges of the Pioneer Range, Lost River Range, and Lemhi Mountains (see Figure 2-1). Rocks of these mountains may contribute a small amount of underflow and surface-water runoff to the ESRP.
USGS—The USGS conceptual model includes flow through Paleozoic carbonates into the SRPA as part of the tributary basin underflow (Ackerman et al., in preparation).
WAG-10—The WAG-10 conceptual model identifies a limited amount of recharge that may enter the aquifer as direct runoff from the mountain ranges (Arnett and Smith 2001). The WAG-10 model does not attempt to quantify this source of recharge.
Flow Path Boundary—Both the USGS and WAG-10 conceptual models employ a flow path to delineate the southeastern boundary of the INEEL subregion. The flow path permits subregional analysis without having to account for regional stresses from the Snake River and other parts of the ESRP.
USGS—Ackerman et al. (in preparation) chose a generalized flow path (see Figure 2-2) representing flow in three dimensions that was derived from Garabedian (1992) and Ackerman (1995) to represent the southeastern boundary of the USGS conceptual model. The flow line was selected to include all but the extreme southeastern part of the INEEL and to avoid large areas of agricultural pumpage to the north and northeast. No flow is assumed to cross that boundary.
WAG-10—The southeastern boundary of the WAG-10 conceptual model, similar to that of the USGS model, coincides with a regional groundwater flow line (see Figure 2-4). The selected flow line is east of the USGS flow line and bounds all of the INEEL. Because flow is parallel to the flow path, no flow is assumed to cross that boundary (Arnett and Smith 2001).
Water-Table Boundary—Subregional recharge at the water table includes diffuse areal recharge from precipitation and focused episodic recharge from infiltration of surface water. These sources of recharge must pass through the vadose zone, which ranges in thickness from about 200 to more than 900 ft in the subregion. Precipitation in the form of snow and rain provides an average of 8 to 10 in. annually over the ESRP (Garabedian 1992). Most of this precipitation is returned to the atmosphere through evaporation and transpiration. A small amount of precipitation is recharged to the SRPA from infiltration.
USGS—Mundorff et al. (1964) estimates that recharge from precipitation may vary from 0.02 ft/year in the central part of the ESRP to as much as 0.3 ft/year near Craters of the Moon. Kjelstrom (1995) estimates an average recharge rate of 0.08 ft/year from a basin water-budget analysis.

Cecil et al. (1992) used environmental tracer data and neutron logging data to estimate net water infiltration rates through soils at one site near the RWMC at the INEEL. Chlorine-36 and tritium concentrations and neutron logs in shallow boreholes indicated that net infiltration ranges from 2 to 5% of the annual precipitation. Busenberg et al (2001) suggest that areal recharge occurs both as continuous spatially distributed diffuse recharge resulting from widespread percolation through the entire unsaturated zone and occasional concentrated recharge resulting from short-term penetration of water along distinct pathways through the unsaturated zone.

Ackerman et al. (in preparation) uses 2 to 5% of precipitation, as determined by Cecil et al. (1992) to estimate a recharge rate of 0.02 to 0.04 ft/year. They estimated that recharge would be about 70 ft3/s over the entire subregion using the upper value of 0.04 ft/year. Ackerman et al. determined that the net effect of recharge from precipitation is probably very small when compared to other sources of inflow; it is a less important consideration than more concentrated sources such as streamflow infiltration.

WAG-10—Arnett and Smith (2001) state that direct precipitation on the plain locally recharges the aquifer to a limited degree, particularly when snow melts rapidly in the spring. The present WAG-10 conceptual model uses the Cecil et al. (1992) estimate of approximately 2 to 5% of the annual precipitation.
Episodic Recharge from Streamflow—Streamflow onto the ESRP quickly infiltrates, providing a source of focused, episodic recharge to the SRPA in the vicinity of surface-water features. These features include the channel of the Big Lost River and the INEEL spreading areas (see Figure 2-1), which are flood-control structures constructed in 1959 to prevent downstream flooding on the Big Lost River.
USGS—Episodic recharge from the Big Lost River is estimated from streamflow records to average 101 ft3/s based on the period of record from 1946 to 2000. Bennett (1990) measured infiltration rates along the channel of the Big Lost River for a range of discharges. Infiltration rates ranged from 1 to as much as 28 ft3/s per mile. Bennett observes that aquifer water levels near the RWMC and north of the NRF were substantially affected by recharge from the Big Lost River.

Busenberg et al (2001) observe that occasional concentrated recharge may result from the short‑term penetration of water along distinct pathways through the unsaturated zone that bypass the greater part of its volume. Busenberg et al. cite avenues for rapid focused recharge along the channel of the Big Lost River, spreading areas, and at the Big and Little Lost River Sinks. A tracer test conducted in the INEEL spreading areas (see Figure 2-1) demonstrated rapid lateral flow in the vadose zone for distances as large as 1 mi (Nimmo et al. 2001). Vertically, tracer water traveled from land surface to the aquifer in about 9 days. This test showed that concentrated recharge quickly reaches the aquifer and can move large distances laterally in the vadose zone.

The USGS conceptual model notes the temporal and spatial variability of episodic infiltration. The effect of episodic streamflow infiltration is considered to be much more significant to contaminant transport than areal recharge because it is concentrated near areas of known sources (Ackerman et al., in preparation). Ackerman et al. (in preparation) note that the “lateral spreading of contaminants may be strongly influenced by these episodic recharge events and resulting temporal fluctuations in water-table gradients.”

WAG-10—The WAG-10 conceptual model uses streamflow data from Bennett (1990) to estimate mean channel infiltration rates for the Big Lost River (McCarthy et al. 1995). Estimated infiltration rates ranged from 1 to 28 ft3/s /channel mile, depending on stream discharge and location. These estimates have not been adjusted for evapotranspiration.
Tributary Basin Underflow—Mountain basins tributary to the ESRP contribute both surface-water flow and underflow as recharge to the SRPA. The underflow component is not well known but has been indirectly estimated by researchers.
USGS—The USGS conceptual model estimates 361 ft3/s of underflow from the Big Lost River basin (see Figure 2-1) based on the difference between Kjelstrom’s (1986) calculations of the mean annual basin yield and the Brennan et al. (2001) calculation of annual mean streamflow (Ackerman et al., in preparation). The conceptual model estimates that underflows for the Little Lost River and Birch Creek are equivalent to the mean annual basin yields of 226 and 102 ft3/s, respectively (Ackerman et al., in preparation), because streamflow out of both basins is very small. Tributary basin underflow includes a minor amount of recharge derived from mountain fronts.
WAG-10—The earlier WAG-10 model (McCarthy et al. 1995) incorporated underflows estimated by Garabedian (1989). The present WAG-10 conceptual model reviewed various sources of tributary underflow estimates and concluded that the estimates presented by Garabedian (1989) are as reasonable. Based on this review, Arnett and Smith (2001) estimate an uncertainty of about 25% and estimate that the average underflows range from 315 to 535 ft3/s for the Big Lost River Basin, 160 to 270 ft3/s for the Little Lost River, and 80 to 140 ft3/s for Birch Creek. The WAG-10 conceptual model also includes underflow estimates for Medicine Lodge Creek of 40 to 70 ft3/s. 

Pumpage Withdrawals and Recharge from Irrigation Returns and Wastewater Disposal—Well pumpage furnishes all of the water used at the INEEL for industrial, public supply, and irrigation. Most of this water is returned to the subsurface through wastewater disposal facilities, including injection wells, infiltration ponds, and leach fields. Some irrigation pumpage occurs upgradient of the INEEL.
USGS—Pumpage withdrawals in the INEEL subregion are estimated to be approximately 34 ft3/s. This volume accounts for wastewater disposed to injection wells and infiltration ponds at the INEEL and includes minor pumpage from the Mud Lake and Howe areas.

Irrigation returns in the INEEL subregion are estimated to be 96 ft3/s. These returns consist of pumped groundwater applied to 28 mi2 of farmland and gravity irrigation water applied to 29 mi2 of farmland. Pumpage and returns from these areas are considered to have a negligible effect on contaminant migration in the central part of the INEEL because they are only 2% of the total water budget and occur more than 25 mi from areas of contamination.

WAG-10—The WAG-10 subregion includes irrigated parts of the Mud Lake area (see Figure 2-4). Because of this, net pumpage withdrawals and irrigation returns are larger than those estimated in the USGS conceptual model. However, pumping withdrawals and returns throughout the domain are considered to be less critical than for a facility-scale model (Arnett and Smith 2001).

2.2.1.5 Hydraulics of Flow

The integration of components of the subregional conceptual models is defined by the distribution of hydraulic head, gradient, and direction of flow. Groundwater flow in the INEEL subregion takes place in the vadose zone and the SRPA.

Areal Distribution of Head and Gradient—The INEEL subregion field of flow within the SRPA is a physical integration of all of the processes that are (or should be) represented by the elements of the conceptual model. This physical integration is defined by the horizontal and vertical distribution of head and gradient. The subregional field of flow is defined by the areal distribution of hydraulic head, determined from water levels in wells, and gradient.
USGS—Ackerman et al. (in preparation) states that “the regional and subregional direction of groundwater flow is from the northeast to the southwest (see Figure 2-8). Flow directions within the INEEL vary locally from southeast to southwest and fluctuate in response to episodic recharge from streamflow infiltration. Water-table gradients are greatest immediately upgradient of the northeastern boundary, 30 ft/mi, and southwest of the INEEL, 25 to 30 ft/mi. Beneath the INEEL, gradients are much smaller, averaging 4 ft/mi, and precise definition of flow direction is difficult to determine.”
WAG-10—Flow paths from hydraulic data infer that water in the SRPA flows generally to the southwest across the INEEL (Arnett and Smith 2001). However, groundwater chemistry data and hydraulic head distributions indicate a significant eastward component to groundwater flow within INEEL boundaries. This concept is consistent with geologic evidence of a thinning aquifer to the west or other geologic features such as rift zones or vent corridors. WAG-10 researchers believe that generalized groundwater flow directions and rates determined using only water-level data are inadequate for purposes of quantifying contaminant transport.

Rohe (2000) used a three-point comparison of heads in wells to examine the magnitude and direction of groundwater flow at different scales (see Figure 2-9). At larger scales, flow directions obtained using this three-point comparison converge on the generally southwest direction of groundwater flow across the INEEL subregion. At local scales (within a three-point area of less than 7 mi2), flow directions are characterized by an increasingly wide divergence in orientation. This divergence at the local scale may reflect hydrologic heterogeneities attributed by some researchers (Anderson et al. 1999; Hughes et al. 1997) to features associated with concealed vent corridors. Rohe used rose diagrams to compare flow directions with time for specific three-point areas (see Figure 2-10). He observes that local variations in flow direction with time may be attributed to episodic recharge in the Big Lost River.
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Figure 2‑8.  Altitude of the water table in the SRPA in the vicinity of the INEEL, 1998 (from Bartholomay et al. 2000).
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Figure 2-9.  Comparison of the direction and magnitude of flow gradients in the SRPA at different scales (Michael Rohe written communication with Brennon Orr, August 26, 2002).
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Figure 2-10.  Comparison of the temporal variation of groundwater flow directions in the SRPA (Michael Rohe written communication with Brennon Orr, August 26, 2002). The rose diagrams show variation and flow direction with time for specific three-point areas.

Roback et al. (2001) examined uranium isotope ratios to delineate elongated zones of high 234U/238U ratios that extend southward from the mouths of Birch Creek and the Little Lost River (see Figure 2-11). These zones were attributed to preferential flow paths. This study also identified two areas in the central and western parts of the study area that were characterized by smaller ratios. These areas were interpreted to contain groundwater that is relatively isolated from regional flow. Johnson et al. (2000) used strontium isotope ratios to identify relatively fast and slow groundwater flow paths characterized by time of chemical interaction with basalts (see Figure 2-12).

McLing et al. (2001) examined the chemistry of deep thermal wells and springs to evaluate the mechanisms that control groundwater chemistry in the SRPA. This work indicated the presence of two general systems, an upper system and a deep, thermal system, reflecting residence time and types of host rock, respectively. The deep system is characterized by slow moving, warm water as delineated from temperature logs (see Figure 2-13). Thermal upwelling is postulated from diagenetic phases in well cores and high heat flows occurring in the upper system.

Vertical Distribution of Head and Gradient—The vertical distribution of head within the SRPA defines the potential for vertical flow and deep circulation of water and contaminants. Vertical head data in the INEEL subregion are limited.
USGS—If conditions identified in the drilling and testing phases of the INEL-1 test hole persist over most of the INEEL, water that is recharged locally to the SRPA will not circulate to depths of more than 1,000 to 2,000 ft (Mann 1986). The present USGS conceptual model suggests that water in the upper part of the aquifer generally moves horizontally at the INEEL and that vertical flow is impeded by the horizontal and subhorizontal layering of basalt (Ackerman et al., in preparation).

WAG-10—The vertical distribution of head varies across the INEEL subregion. The gradient generally is upward in the deepest parts of the aquifer.

Flow velocity—Estimates of flow velocity have been made by various researchers from tracer-test and hydraulic data. Estimates for the USGS and WAG-10 conceptual models are summarized in the following sections.
USGS—Early tracer tests, using contaminants disposed to the injection well at INTEC, inferred that flow velocities were relatively high, ranging from 24 to 141 ft/d near INTEC (Jones 1963). Jones ascertained that groundwater flow within the basalts is preferential, moving primarily as sheet flow in sheets of breccia, fractures, and scoria that may laterally extend for miles. Flow velocities estimated from tracer studies were only indirectly related to gradient and no inferences regarding velocity could be drawn from gradient data, which suggest that these velocities are apparent velocities within a sheet and do not represent the average velocity.

Ackerman et al. (in preparation) observes that long-term contaminant monitoring indicates unit 1 flow velocities range from 5 to 20 ft/d. They note that “the use of contaminant first arrivals to define flow velocities probably reflects preferential flow along the many interflow zones of the thin, fractured basalt flows comprising the uppermost unit of the aquifer.”
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Figure 2-11. Preferential flow paths and stagnant zones in the SRPA delineated using uranium isotope ratios (Roback et al (2001).
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Figure 2-12.  Distribution of strontium isotope ratios and selected chemical constituents showing fast and slow flowpaths in the SRPA (Johnson et al. 2000).
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Figure 2-13.  Temperature logs of wells and exploration drill holes that penetrate the base of the SRPA (Blackwell 1992).

WAG-10—Variations of uranium isotope ratios in groundwater and rock dissolution rates delineate preferential flow paths originating from the Birch Creek and Little Lost River drainage basins (Luo et al. 2000). Time of groundwater residence along these flow paths, as they traverse the INEEL, is inferred to be less than 10 years (see Figure 2-14). Elsewhere on the INEEL, residence times exceed 90 years. Additionally, Johnson et al. (2000) used strontium isotope ratios to postulate preferential flow paths that channel water originating from the Little Lost River and Birch Creek valleys across the INEEL.
Distribution and Movement of Water in the Vadose Zone—Subregionally, the vadose zone ranges from less than 200 to more than 900 ft thick. Diffuse areal recharge, focused episodic recharge, and INEEL-derived contaminants disposed at and near the land surface through wastewater infiltration ponds and shallow burial sites must pass through the vadose zone to reach the SRPA. Water moves as unsaturated and saturated flow in the vadose zone beneath the ESRP. Unsaturated flow takes place in response to diffuse areal recharge and rapid, vertical flow in fractures. Saturated flow takes place locally beneath areas of focused recharge (Big Lost River channel, INEEL spreading areas, infiltration ponds). Unsaturated flow is largely vertical while saturated flow is both vertical and horizontal.
USGS—The USGS has monitored water levels and contaminant concentrations in perched-water bodies that have formed in the 400-ft thick vadose zone beneath wastewater infiltration ponds at the Test Reactor Area (TRA) and INTEC (Cecil et al. 1991). At the TRA, perched-water bodies have included an area of saturated basalt and sedimentary interbeds as large as 1 ( ½ mi. These perched-water bodies occur in association with thick sedimentary interbeds in the upper several hundred ft of the vadose zone (Orr 1999). Beneath these interbeds, water moves in the vadose zone as unsaturated flow. The USGS identified four lithologic features that control the formation of perched groundwater zones at the INEEL (Cecil et al. 1991). These features included 1) contrasts in vertical hydraulic conductivity between basalt flows and sedimentary interbeds, 2) reduced vertical hydraulic conductivity in interflow baked zones, 3) reduced vertical hydraulic conductivity in dense unfractured basalt, and 4) reduced vertical hydraulic conductivity from sedimentary and chemical filling of fractures in basalt. Several of these features were identified at INTEC from geophysical logs.
At the TRA, water originating from infiltration ponds moves rapidly through surficial sediments, primarily as vertical, unsaturated, and saturated intergranular flow. Recharge enters underlying basalts, moving rapidly as vertical macropore flow in fractures and laterally through interflow rubble zones. Fractures may or may not be completely filled. Recharge continues downward entering heterogeneous, layered, sedimentary interbeds and moving through the saturated and unsaturated intergranular flow through an anisotropic porous medium. Beneath the interbeds, water moves rapidly downward to the aquifer as unsaturated macropore flow in fractures (Orr 1999).

Perched water also has been observed in proximity to surface-water features including the Big Lost River and the INEEL spreading areas. Repetitive neutron logging studies near the Big Lost River and the spreading areas demonstrated increasing moisture content in response to surface-water flows. At the RWMC, zones of increased moisture content have been detected at or above sedimentary interbeds. Some researchers have long postulated that the source of water was from the INEEL spreading areas. Other researchers attributed the presence of moist zones to local flooding and recharge occurring at the RWMC.

[image: image14.jpg]nis?/ :
Y q1g6-M_@ ")
e

m 3.00

0.71
o

® (102mg L y1)

©.\ \Bitterroot

ek





Figure 2-14.  Variations of (a) rock dissolution rate and (b) groundwater residence time (from Luo and others, 2000, fig. 9).

During a 1999 tracer test (Nimmo et al. 2001) conducted by the USGS during a period of streamflow diversion to the INEEL spreading area, the chemical tracer moved downward beneath spreading areas through the 600-ft-thick vadose zone within 9 days, demonstrating the potential for rapid vertical transport (about 70 ft/d). The tracer also was detected in vadose-zone wells nearly 1 mi distant. First detections indicated that the horizontal flow rate may exceed 46 ft/d and that perched water beneath the RWMC is derived, in part, from lateral flow from the spreading areas. The test indicated that nonisotropic, horizontal spreading of focused recharge can occur over distances of a few kilometers through laterally extensive, nearly saturated, interconnected rubble zones. Nimmo et al. (2001) suggest that this flow may enhance contaminant transport vertically and horizontally, also exposing contaminants to a larger volume of sedimentary material and enhancing sorbing potential for non‑conservative contaminants.

The tracer test conducted by the USGS at the INEEL spreading areas in 1999 demonstrated that saturated flow occurs within the vadose zone in response to flows into the spreading areas. Tracer detections in water from wells completed above the B-C interbed adjacent to the spreading areas, within the Subsurface Disposal Area of the RWMC and at the Large-Scale Infiltration Test (LSIT) 1 mi east of the spreading areas, demonstrated that rapid lateral flow occurs in response to spreading-area flows.
WAG-10—The LSIT was conducted in 1994 to investigate the bulk hydrologic properties of basalts in the vadose zone (Wood and Norrell 1996). Based on tracer data, changes in moisture content, and detailed stratigraphic information, this test concluded that water movement was controlled predominantly by fractured rubble and breccia zones. The test noted that lateral flow was apparent in vadose-zone basalts directly beneath the infiltration basin. Lateral flow was not observed beyond the basin extent except at the surface of the B-C sedimentary interbed where it was controlled by the topography of the interbed. These data indicated that the interbed serves as a barrier to vertical flow and contaminant transport. The test indicated that fractures in the upper vesicular zone of a basalt flow were more actively involved in water transmission than were those fractures located in the dense flow interiors.
A vadose zone research park was initiated in 2000 in conjunction with construction of new INTEC percolation ponds. This research park, consisting of instrumented boreholes and wells adjacent to the new ponds, will provide researchers with a better understanding of the moving of water as unsaturated and saturated flow in the vadose zone.

2.2.2 Water-Rock Geochemical Interactions

The chemical nature of water in the SRPA is in part dependent on chemical interactions with the basalts and sediments in the aquifer. Geochemical data can be used to provide an understanding about the transport of contaminants. These data also provide an independent assessment of the flow field.

Olmsted (1962) characterized groundwater at the INEEL into several chemical compositions. The first, derived from mountainous carbonate drainages to the west, is enriched in calcium, magnesium, and bicarbonate and occurs over much of the western part of the INEEL (Busenberg et al. 2001). The second, 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. This water composition is typical of much of the eastern part of the INEEL. A third composition, characterized by increased concentrations of nitrate and chloride and decreased concentrations of bicarbonate, is derived from recharge of irrigation water and wastewater at the INEEL.

2.2.3 Subregional Contaminant Transport

Contaminants that have been disposed to the subsurface at INEEL facilities have been detected over broad areas. At the subregional scale, these small concentrations serve primarily to provide long‑term groundwater tracer test information. This section will briefly summarize these contaminant source terms and their subregional distribution in groundwater. More detailed discussion will be developed in facility-scale presentations.

2.2.3.1 Contaminant Source Term

At the subregional scale, concentrations of contaminants in groundwater provide information about the conceptual model of groundwater flow. Contaminants that have been used as subregional tracers include tritium, iodine-129, and chlorine-36. About 32,000 Ci of tritium have been disposed to the subsurface at the TRA and INTEC since 1952. At the TRA, wastewater containing tritium has been disposed to wastewater infiltration ponds. At INTEC, wastewater containing tritium was disposed to an injection well until 1984; subsequent disposal was to wastewater infiltration ponds. An estimated 1.52 Ci of iodine-129 have been disposed to the subsurface at INTEC to the injection well and infiltration ponds. Small concentrations of chlorine-36 also have been disposed to the subsurface.
2.2.3.2 Contaminant Transport Mechanisms

The distribution of small concentrations of selected contaminants at the subregional scale is dependent on the capability of those contaminants to persist in the flow system. The ion exchange and sorption capacity of geologic materials affects the persistence of dissolved constituents in groundwater moving through those materials. Those contaminants that are more reactive to the processes of sorption and ion exchange are less likely to be detected at any distance from the source. Contaminants moving within basalt will be less likely to be affected by ion exchange because the ion-exchange capacity of basalt is relatively small (Nace et al. 1975). However, the presence of clays enhances ion exchange. Montmorillonite, the most abundant clay mineral associated with the rocks of the ESRP at the INEEL, is one of the more efficient ion-exchange minerals (Nace et al. 1975). Tritium, because it composes part of the water molecule, is nonreactive and provides a measure of advective flow. Detectable concentrations over a large area of the INEEL are attributed to the conservative nature of this radionuclide and to the quantities disposed to the subsurface since 1952. Much smaller quantities of chlorine-36 and iodine-129 were disposed to the aquifer. These relatively conservative contaminants persist and are detectable at very small concentrations in groundwater.

The WAG-10 conceptual model does not directly include transport. However, WAG-10 researchers believe that contaminant transport is dependent on contaminant source strength, release rates, and processes of sorption and decay. The flow components of WAG-10 conceptual model that are most important to transport are the average linear pore velocity and direction, as interpreted from the geometry, hydraulic parameters, effective porosity, geochemistry, and temperature.

2.2.3.3 Subregional Distribution of Selected Contaminants in the SRPA

The subregional distribution of contaminants in the aquifer provides information about velocity of flow and the distribution of the flow field. The disposal of tritium, iodine-129, and chlorine-36 to an injection well and infiltration ponds has resulted in detectable concentrations of these radionuclides over a large area.

Tritium—Detectable concentrations of tritium have been measured in wells downgradient from INTEC and TRA. In 1985, tritium concentrations at the instrument detection limit of 0.5 pCi/mL were measured at the south boundary of the INEEL (Pittman et al. 1988). The area of the INEEL in which tritium concentrations in groundwater exceeded the instrument detection limit was estimated to exceed 50 mi2. By 1998, this area and measured concentrations had decreased (Bartholomay et al. 2000; see Figure 2‑15). Decreases are attributed to radioactive decay and decreases in disposal of tritium to the subsurface.

Researchers have long noted that the dimensions of the tritium plume are not what would be expected in a uniform system of groundwater flow through an isotropic, homogeneous medium. Robertson (1974) observes that the extended lateral dimension of the tritium plume implies considerable lateral dispersion within the aquifer. Robertson et al. (1974) infer that this large lateral dimension may be derived in part from the coalescing plumes originating from TRA and INTEC and from the effects of episodic recharge along the Big Lost River. Ackerman et al. (in preparation) note that the spatial and temporal variability suggest that the hydraulic complexities associated with vent corridors also may affect the dispersion of contaminants.

Iodine-129 and Chlorine-36—Concentrations of iodine-129, one to two orders of magnitude greater than the calculated background concentration, and chlorine-36 were detected in wells 15 and 16 mi hydraulically downgradient from the INTEC disposal well (Mann and Beasley, 1994; Cecil et al. 2000). A minimum velocity was estimated from iodine-129 data to be about 6 ft/d. Comparison of concentrations at different depths indicated that iodine-129 is not distributed uniformly with depth (Mann and Beasley, 1994). A horizontal flow velocity was estimated from chlorine-36 data to be about 10 ft/d (Cecil et al. 2000). The chlorine-36 data inferred that preferential flow may occur within the heterogeneous, layered basalt aquifer.
2.3 Numerical Models

Several numerical models have been developed to test subregional conceptual models. This section briefly describes those numerical models.

2.3.1 USGS

2.3.1.1 Robertson 1974

Digital modeling techniques were applied to the analysis of contaminant transport. Robertson’s model required a transverse hydraulic dispersivity of 450 ft and longitudinal dispersivity of 300 ft to match known distributions of chloride and tritium in groundwater. The large ratio of transverse to longitudinal dispersivity was used to account for large-scale heterogeneity and undefined geohydrologic concepts and attributes that may control the migration of contaminants.

2.3.1.2 Goode and Konikow 1990

Transient flow conditions were applied to Robertson’s (1974) numerical model. These conditions permitted use of larger dispersivities than those derived by Robertson, with the longitudinal dispersivity larger than the transverse dispersivity. However, Goode and Konikow determined that incorporation of transient flow did not significantly improve the understanding of those processes that control transport of contaminants.

2.3.1.3 Ackerman et al. (in preparation)

The USGS presently is completing a sequence of steady-state, transient, and solute transport models of the INEEL subregion. These models are based on the USGS conceptual model (Ackerman et al., in preparation). Simulations are evaluating the role of episodic flow, structural features, and stratigraphic features in the configuration of the flow field and contaminant transport without using arbitrary values of dispersivity to match field observations.
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Figure 2-15.  Interpreted tritium concentrations in water from the SRPA at the INEEL, 1998 (from Bartholomay et al. 2000).

2.3.2 WAG-10

2.3.2.1 Arnett and Springer 1994

This numerical model was developed to support the INEEL Environmental Impact Statement. The model simulated groundwater flow across the INEEL and contaminant transport in the south-central part of the INEEL. The flow model was two dimensional with variable grid spacing. The contaminant transport model consisted of a separate submodel domain that focused on areas of contamination.

2.3.2.2 McCarthy et al. 1995

The model developed for WAG 10 simulated groundwater flow near the INEEL while preserving regional influences. This model simulated flow over the same region as Garabedian’s (1992) regional model. The WAG-10 model, while integrating regional and subregional scales, did not provide adequate resolution to support individual WAGs.

2.4 Summary of Competing Hypotheses
and Additional Data Requirements

Competing hypotheses have been developed to explain the distribution and movement of contaminants within the SRPA in the INEEL subregion. These competing hypotheses generally are developed because data and understanding are limited and because similar solutions can be achieved with different sets of geohydrologic parameters. The following section briefly summarizes competing hypotheses and data requirements as identified by conceptual models and numerical analyses of flow and transport in the aquifer.

2.4.1 Orientation and Distribution of Geohydrologic Units

The USGS hypothesizes the rise of geohydrologic unit 2 above the water table south of the INEEL. The orientation of unit 2 would force water in the aquifer to move across the unit in the direction of presumed minimal permeability. The downward movement and deeper circulation of water and contaminants are hypothesized in that area as a consequence of the distribution and thickness of hydrogeologic units. The true orientation, extent, and hydraulic properties of unit 2 south of the INEEL are not well defined because of limited testhole data and the large depths required to drill new coreholes. Other hypotheses also may explain steepening hydraulic gradients. These hypotheses include relatively small permeability associated with a sedimentary trough and the effect of rift zones on subregional groundwater flow.

2.4.2 Effect of the Combined Thickness of Sedimentary Interbeds on the Flow Field

The USGS conceptual model hypothesizes that increased sediment percentages within the Big Lost Trough affect the hydraulic gradient, rate of flow, and contaminant transport.

2.4.3 Thickness and Base of the Aquifer

Several competing hypotheses are based on estimates of the thickness and the base of the SRPA. The WAG-10 conceptual model hypothesizes a “thick” (greater than 1,300 ft in places) and a “thin” aquifer based on two interpretations of temperature and electrical resistivity data (Arnett and Smith 2001). The USGS conceptual model hypothesizes a much thicker aquifer (exceeding 4,000 ft in places) based on electrical resistivity and borehole data. All three models rely heavily on indirect information that may have significant errors in interpretation. While these models vary greatly, little is understood about importance of aquifer thickness on contaminant transport at the INEEL. Additional temperature and water-chemistry data are needed near Argonne National Laboratory West and Atomic City to define the aquifer base in those areas. Calibrated temperature logs are needed from all new wells. Stratigraphic, temperature, and chemistry data are needed from an additional well in the area of inferred uplift and a thinning aquifer hypothesized near well USGS-22.

2.4.4 Flow Across the Base of the Aquifer

The potential for flow across the base of the aquifer is not well known. The USGS conceptual model minimizes flow across the base. According to Mann (1986), “Geologic and hydraulic information is inadequate…to define the magnitude of this inflow (from underlying rocks) and the base of the aquifer at all but a few locations at the INEL and on the Snake River Plain.”

2.4.5 Preferential vs. Nonpreferential Flow

Geochemical data (uranium and strontium isotope ratios) infer that subregional preferential flow paths may exist that would facilitate selective rapid transport of contaminants downgradient. In contrast, limited head and contaminant concentration data and the random orientation of basalt flows and interflow zones and the large degree of interconnection between interflow zones have been interpreted to suggest that water and contaminants move non-preferentially at the subregional scale.

2.4.6 Deep Circulation

The potential for preferential flow along interflow zones implies large horizontal to vertical anisotropy that may restrict the downward movement of water and contaminants across the uppermost unit of the aquifer beneath the INEEL. Based on this hypothesis, contaminants will tend to remain shallow in the system. Vertical contaminant profiling data are insufficient to verify or negate this hypothesis. Few data are available to evaluate how head gradients and flow directions vary with depth. Information is needed about hydraulic and geochemical properties of the HI interbed and its importance in restricting vertical mixing.

2.4.7 Enhanced Dispersion of Contaminants Resulting from the Spatial and Temporal Variability of Streamflow Infiltration

Episodic streamflow infiltration is considered to be much more significant to contaminant transport than is recharge from areal precipitation. Ackerman et al. (in preparation) states that “lateral spreading of contaminants may be strongly influenced by these episodic recharge events and resulting temporal fluctuations in water-table gradients.” This hypothesis is of increased interest because of the location of contaminant sources in proximity to surface-water features.

2.4.8 Characterization of Low-permeability Zones

Distribution of contaminants in water from the SRPA near TAN, INTEC, and RWMC has been explained by the presence of low-permeability zones. Additional data are needed to improve the definition of these zones.

2.4.9 The Effect of Vent Corridors on the Flow Field

Vent corridors are largely inferred from the orientation of existing vents. Little information is available to define the effect of these features on the field of groundwater flow.
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