INEEL Subregional Conceptual Model Report

Volume 1—Summary of Existing Knowledge of Natural
and Anthropogenic Influences on Flow and Contaminant Transport
in the INEEL Subregion of the Snake River Plain Aquifer

1. INTRODUCTION

In 1949, the United States set aside 890 square miles of the Eastern Snake River Plain (ESRP) to be developed as the National Reactor Testing Station (NRTS). The purpose of the NRTS was to provide an isolated location where prototype nuclear reactors could be designed, built, and tested. The NRTS later was renamed the Idaho National Engineering Laboratory (INEL). In January 1997, the U.S. Department of Energy (DOE) designated the INEL as the Idaho National Engineering and Environmental Laboratory (INEEL) to highlight Idaho’s role in developing waste-cleanup and other environmental technologies (see Figure 1‑1).

Numerous subregional and facility-scale scientific studies have been conducted during the 50-year history of the INEEL to characterize its geologic and hydrologic setting and to evaluate the fate and transport of radioactive, inorganic, and organic chemical wastes disposed to the subsurface from INEEL activities. In December 1991, the DOE entered into a Federal Facility Agreement and Consent Order (FFA/CO)(DOE-ID 1991) with the Environmental Protection Agency (EPA) and the State of Idaho to implement remediation of the INEEL. The goals of the agreement were to ensure that potential or actual releases of hazardous substances to the environment are thoroughly investigated and that appropriate response actions are taken to protect human health and the environment. To implement the agreement, the INEEL has systematically collected environmental data on a facility scale to assess the nature and extent of contamination and potential risk resulting from past activities. 
In 2001, the DOE initiated a water integration project at the INEEL to better coordinate operations, scientific research, and subsurface monitoring programs on a subregional scale.

1.1 Purpose and Scope

A key objective of the DOE water-integration project is to coordinate development of a subregional conceptual model of groundwater flow and contaminant transport that is based on the best available understanding of geologic and hydrologic features. The first step in this process is to compile and summarize the current conceptual models of subregional and facility-specific groundwater flow and contaminant transport at the INEEL that have been developed from extensive geohydrologic studies conducted during the last 50 years. Subregional-scale investigations typically encompassed hundreds of square miles and included much of the INEEL; facility-scale investigations encompassed tens of square miles and focused on individual facilities at the INEEL.

This summary is primarily focused on aquifer conceptual models and includes a description of the components of current conceptual models of flow and transport used in INEEL subregional and facility‑specific geohydrologic investigations. The summary also presents a discussion of competing hypotheses and additional data requirements as identified by those investigations. Substantial information is available concerning the aquifer in contrast to the small amount of information that is available to describe the contaminant source term and transport within the vadose zone. Subsequent summaries will focus on the source term and vadose zone transport and their associated uncertainties.
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Figure 1‑1.  Location of the INEEL.

1.2 Definition of a Conceptual Model

The National Research Council (2001) defines a conceptual model as “an evolving hypothesis identifying the important features, processes, and events controlling fluid flow and contaminant transport of consequence at a specific field site in the context of a recognized problem.” Remson et al. (1971) note that that the solution to a groundwater problem, in part, requires knowledge of conditions that describe the system constraints. These conditions include the system geometry (system dimensions), hydraulic properties (capability of the system materials to store and transmit water), and geohydrologic features that describe what is happening at geologic or hydrologic boundaries. Boundaries may include head boundaries (e.g., aquifer interface with a lake), flow boundaries (underflow and vertical flow across the base of the aquifer), zero-flow boundaries (e.g., mountain-front), free-surface boundaries (interface between the water table and vadose zone affected by changes in storage and by recharge from areal precipitation, streamflow, and wastewater infiltration), and symmetry boundaries (e.g., flow path); these conceptual model components define the flow field (distribution of head and flux). A complete conceptual model, consisting of a description of the geohydrologic framework of the system including the system geometry and hydraulic properties and the definition of flow boundaries and geohydrologic conditions that affect those boundaries, can be used to develop a set of mathematical equations that represent flow and/or transport of contaminants through the system. The conceptual model evolves with improved understanding of the geologic and hydrologic features that control flow and contaminant transport. Each aspect of the conceptual model includes definition of competing hypotheses about those geologic and hydrologic features. As these competing hypotheses are identified, they can be tested to further refine the conceptual model.

Numerical models can be used to test the adequacy of the conceptual model to describe the flow system, to evaluate those aspects of the conceptual model that require refinement through additional data collection, and to test competing hypotheses. A numerical model that is based on a defensible conceptual model provides a means to integrate the conceptual model components. A numerical model only can provide a predictive capability that is limited to the range and knowledge of system conditions and stresses that define the conceptual model. For example, a numerical model calibrated to moderate pumping withdrawals and water-level declines may not be able to adequately predict declines associated with extreme withdrawals. A numerical model is limited by the purpose of the study. For example, components essential to a conceptual model of water supply will be different than components essential to a conceptual model of contaminant transport. A common numerical simulator may not effectively integrate conceptual model components for different types of studies.

Conceptual models (and numerical models) are dependent on the scale of the system. Those components essential to an INEEL subregional conceptual model may be different than those components essential to a facility-scale model. For example, a subregional model may adequately describe groundwater flow by lumping the complex basalt stratigraphy into a few hydrogeologic units. The facility-scale model may require differentiation of individual flows or even parts of individual flows.

1.3 Geohydrologic Setting

The geohydrologic framework at the scale of the INEEL subregion and specific facilities is described within the context of the regional geologic and hydrologic systems of the ESRP. The regional geologic context has been shaped by the origin and structural development of the plain. The regional hydrologic context is controlled by the distribution of regional recharge, characteristics of regional groundwater flow, and discharge from the Snake River Plain Aquifer (SRPA).

1.3.1 Regional Geology

The ESRP (see Figure 1-2) represents a long and complex geologic and structural history. This history, briefly described by Hackett et al. (1986) and Whitehead (1992), has resulted in a thick section of fractured basalt flows that form the geohydrologic framework of the SRPA.

1.3.1.1 Origin of the Eastern Snake River Plain

The geologic history of the ESRP began about 650 million years ago with a 300-million-year period of deposition of shallow, marine sedimentary rocks along an ancient continental margin (Hackett et al. 1986). Subsequent subduction of the oceanic plate beneath the North American continental plate compressed the continental crust developing major thrust faults, uplifting the marine sedimentary rocks, and forming mountain ranges. During the next 300 million years, continued subduction resulted in melting of oceanic crustal material that was intruded to form the massive Idaho Batholith. Uplift of the batholith formed the granitic mountains of central Idaho. Later, subduction and melting resulted in extensive volcanism and deposition of the Challis Volcanics throughout much of central Idaho.

Approximately 17 million years ago, shifted crustal movement began to stretch the continental plate. These extensional forces created a broad band of crustal faulting that formed the Basin and Range Province, a sequence of subparallel uplifted mountain blocks and intervening basins that extend across much of the western United States. Mountains of the Basin and Range Province are visible to the west of the ESRP.

Over the last 15 million years, the North American continental plate has drifted rapidly (approximately 3.5 cm/year) over a stationary convection plume or “hot spot” in the earth’s mantle (Hackett and Smith 1992). This movement over the plume-heated crustal material resulted in a progressive sequence of downwarping, faulting, and bimodal volcanism that extended from eastern Oregon to the Yellowstone Plateau (see Figure 1-1). Bimodal volcanism was characterized by eruptions of high-volume rhyolite and subsequent accumulation of a thick section of basalt from numerous, small‑volume eruptions (Pierce and Morgan 1992). In this bimodal eruptive sequence, melted crustal material over the “hot spot” emplaced a series of presently buried rhyolitic calderas in a northeast progression. These calderas were followed in the next 2 to 5 million years by abundant basaltic volcanism. The “hot spot” presently lies beneath the Yellowstone Plateau. This sequence formed the ESRP (see Figure 1‑1), an arcuate structural basin in southeastern Idaho that is more than 170 miles long, 60 miles wide, and has downwarped several kilometers in places (Arnett and Smith 2001). This structural basin is filled with a thick complex of rhyolitic volcanic rocks and basaltic flows originating from numerous vents and fissures across the plain.

1.3.1.2 Structure of the Eastern Snake River Plain

Faults are not well defined along the ESRP. Previous seismic studies suggested that large displacement faults may bound the plain (Whitehead 1992). Sparlin et al. (1982) suggested that faults along the northern boundary of the plain may have a displacement of as much as 13,000 ft. However, recent studies have demonstrated that the margins of the plain are not bounded by faults but by steep downwarping. Discontinuities imaged by seismic surveys most likely are caldera boundary faults juxtaposing low-density rhyolitic volcanics against high-density carbonate sediments of the adjacent mountain ranges. These discontinuities do not extend to the surface and do not affect sediments and volcanics that accumulated during the history of subsidence and basalt volcanism on the ESRP.
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Figure 1-2.  Extent of the SRPA (from Ackerman et al. in preparation).

Whitehead (1992) suggested that volcanic materials filling the downwarped plain may be as much as 16,000 ft thick. Downwarping and volcanic activity may have resulted in differential subsidence of these materials throughout the ESRP. This subsidence may provide one explanation of the regionally distorted orientation of bedded basalt and differences in thickness of sedimentary units deposited on the developing plain during periods of volcanic quiescence. However, present interpretations of differential subsidence, as derived primarily from geophysical log correlations, are not clearly defined and should be used with caution. Alternatively, apparent distortion may be attributed to juxtaposition of chemically different basalts from different source areas.

Whitehead (1992) observed that “volcanic vents appear to be randomly scattered, but some are aligned along rift zones.” These rift zones, trending northwest across the ESRP, have been postulated “to be extensions of adjacent basin-and-range structures” (Kuntz 1978). A more universally held view is that the volcanic rift zones and basin and range faults, which have similar azimuthal trends, formed under the same regional stress regime. Anderson et al. (1999) suggested that inferred vent corridors associated with these rift zones on the ESRP average about 1 to 2 miles in width and 5 to 15 miles in length. These inferred vent corridors are characterized by aligned vents, dikes, and fissures.

1.3.2 Regional Hydrology

The SRPA, one of the most productive aquifers in the United States, underlies the ESRP (see Figure 1-2). This aquifer has been estimated by various researchers to contain from 80 to 200 million (some say as much as 1 billion) acre-ft of water. The aquifer provides a source of drinking water to more than 200,000 people and supplies irrigation water to a large, regional agricultural and aquacultural economy. The SRPA predominantly consists of numerous, thin basalt flows with hydraulically connected interflow zones (Whitehead 1992). According to Whitehead, the aquifer is thickest in the central part of the plain and thins toward the margins. The basalt flows are commonly interbedded with thin, fine‑grained aeolian, alluvial, and lacustrine sedimentary units. Arnett and Smith (2001) note that the processes of basaltic volcanism following the Yellowstone hotspot resulted in small batches of basaltic magma, ensuring that individual basalt flows were relatively thin. The magma contained large volumes of open vesicles and was characterized by a thick, porous, and permeable basal rubble zone. The aquifer is underlain in most areas by older basaltic and silicic volcanic rocks. These older rocks are characterized by reduced permeability that has been attributed to secondary mineralization, and in some areas, to thicker flows and fewer interflow zones (Whitehead 1992). In the western part of the ESRP, the aquifer is underlain by extensive sedimentary units.

Recharge to the SRPA occurs from irrigation and river seepage, infiltration of areal precipitation, and tributary-basin underflow. Water in the aquifer flows generally to the southwest (see Figure 1-1). Ackerman (1995) estimated that the travel time through the aquifer from recharge areas in the northeast part of the ESRP to discharge areas along the Snake River in the southwest part of the ESRP exceeds 300 years.

Discharge from the SRPA predominantly occurs from large springs in the Thousand Springs area along the Snake River between Twin Falls and King Hill (see Figure 1-1). These springs include some of the nation’s largest springs. Whitehead (1992) reported that these springs discharged 6,000 ft3/s of water to the river in 1980. Aquifer discharge also occurs from groundwater pumpage for irrigation, municipal, and domestic supply.

Groundwater in the ESRP occurs in the deep-seated geothermal system and the overlying eastern SRPA. Geochemical and isotopic evidence suggests that groundwater in the aquifer is of local meteoric origin. Water in the underlying geothermal system has an estimated residence time of 17,000 years, while the overlying eastern SRPA has a residence time estimated at a maximum of 200 to 350 years. Solutes primarily enter aquifer water through dissolution of minerals contained in the aquifer matrix and secondarily through anthropogenic sources (Wood and Low 1988).
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