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FOREWORD

The conceptual hydrologic framework for the Oak Ridge Reservation is still evolving. The
description of the framework in this status report represents the best current thinking on the
properties and processes affecting contaminant migration in an extremely complicated
setting. Confidence in the general framework is high, but a number of as yet unproved,
and thus conjectural, assertions are made. These are not made to mislead the reader but to
catalyze the further identification and investigation of properties and processes believed to
be keys to quantifying contaminant transport.
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EXECUTIVE SUMMARY

This first status report on the Hydrologic Studies Task of the Oak Ridge Reservation
Hydrology and Geology Study (ORRHAGS) revises earlier concepts of subsurface
hydrology and hydrogeochemistry of the ORR. A new classification of hydrogeologic
units is given, as well as new interpretations of the hydrogeologic properties and processes
that influence contaminant migration. The conceptual hydrologic framework introduced in
this report is based primarily on reinterpretations of data acquired during earlier hydrologic
investigations of waste areas at and near the three U.S. Department of Energy Oak Ridge
(DOE-OR) plant facilities. In addition to describing and interpreting the properties and
processes of the groundwater systems as they are presently understood, this report
describes surface water—subsurface water relations, influences on contaminant migration,
and implications to environmental restoration, environmental monitoring, and waste
management.

Some Implications to Environmental Restoration, Environmental
Monitoring, and Waste Management

The understanding of hydrogeologic properties and processes, as briefly summarized later,
is important because of implications to environmental management on the ORR. Some
practical conclusions are evident:

With few exceptions, groundwater discharges within the ORR presently meet drinking
water standards.

The restoration of contaminated groundwater of the ORR to pristine quality is not a
technologically realistic goal. One major reason for this is that transport processes in the
subsurface—diffusion from fractures to the rock matrix, sorption, and exchange—have
resulted in an accumulation of contaminants downgradient of the sources. The flushing of
these contaminants and eventual return of water to the original quality could require time
periods on the order of centuries; the time frame and end result will not be much different,
whether by natural processes or if remedial technology is applied.

The use of wells for the monitoring of contaminant migration from waste areas on the ORR
is unreliable and may produce misleading results, although such monitoring has limited
value for assessing general water quality at specific locations. Most groundwater travels to
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nearby streams through the uppermost part of the groundwater zone. Contaminants in the
subsurface at waste areas are discharged to local surface streams; it is more valid to monitor
surface-water quality and contaminant load than wells in order to characterize contaminant
mass flow.

Effective surface-water-contaminant monitoring systems must be established. One basis
for system design would be the identification of the discrete points at which contaminants
are discharged to surface drainageways.

Waste area groupings on the ORR occupy relatively large areas, but contaminant discharge

to streams occurs only at a few distinct and identifiable points, such as seeps. The

characteristics of flow paths must be understood well enough to enable tracking along

pathways from known points of surface discharge to locations of discrete contaminant

sources in waste burial areas. This information would then be used in designing remedial

measures for hydrologic isolation of the source. In the case of buried wastes, a relatively

small number of concentrated sources are very likely the origin of most contaminant flux.

Thus, remedial actions in waste burial areas should focus on the area containing the

concentrated source rather than on waste-area-wide remedial actions. .

Transport processes effectively buffer migration of contaminants in the subsurface. An
instantaneous release of contaminants from a primary source, such as from the failure of a
container, does not result in an immediate loading to streams. Transport processes must be
quantified to allow prediction of lag time between peak contaminant release at the source to
peak contaminant release to the stream. This also is essential for accurate estimation of time
required before effects of corrective actions will be observed. Sorption and exchange are
weak processes in the case of some contaminants, but matrix diffusion significantly alters
the rate of flux of all contaminants.

Although transport processes have significantly attenuated and buffered past contaminant
releases from waste areas, they have resulted in secondary contaminant sources along flow
pathways. These secondary sources could, in the case of older waste areas, contain more
contaminants (at lower concentrations) than the original site now contains. Contaminants .
are transported off the ORR by surface water rather than by groundwater. Significant - ;
contaminant movement and discharge take place during periods of high runoff.
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Deep flow of groundwater off the ORR, such as under the Clinch River, if it occurs, does
not endanger groundwater supplies outside the ORR because of long paths, slow travel
times, and relative isolation from contaminant sources.

Given that (1) virtually all contaminated groundwater from waste areas underlain by
aquitards (see below) is discharged to local surface streams within the ORR and

(2) groundwater restoration is not a practical alternative, engineering feasibility studies
should be undertaken for treatment of surface water at points where contaminant-bearing
streams leave the ORR. On the other hand, some flow paths from waste areas underlain by
the Knox aquifer, as described below, may discharge to the surface at points beyond the
ORR boundary.

Basic Conceptual Framework

Geologic units of the ORR are assigned to two broad hydrologic groups: (1) the Knox
aquifer—formed by the Knox Group and the Maynardville Limestone—in which flow is
dominated by solution conduits and which stores and transmits relatively large volumes of
water and (2) the ORR aquitards—made up of all other geologic units of the ORR—in
which flow is controlled by fractures, and which may store fairly large volumes, but
transmit only limited amounts of water.

In the vertical, both the Knox aquifer and the ORR aquitards are divided into the following:

The stormflow zone, a thin region at the surface in which transient, precipitation-
generated flow accounts for an estimated 90% or more of the water moving
through the subsurface. This zone is a major pathway for transporting
contaminants from the subsurface to the surface.

 The vadose zone is a mostly unsaturated zone above the water table.

« The groundwater zone, which is continuously saturated, is the region in which

most of the remaining 10% of subsurface flow occurs.

» The aquiclude is a zone in which water movement, if it occurs, probably is on a
geologic time scale. |

Flow in the aquitards is shallow; ~98% is to depths of <30 m. Water in the aquitards
travels along flow paths having lengths of tens to a few hundred meters before being
discharged to local surface drainageways. Water in the aquitards is at best a marginal
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resource. A typical well yields <0.02 L/s (0.25 gal/min); in many places, wells are
incapable of producing domestic quantities of water. Groundwater flow volume decreases
and solute residence times increase sharply with depth. Mean solute transport rate in the
stormflow zone is on the order of meters per hour, but in the intermediate and deep
intervals of the groundwater zone, representative transport rates are as low as a few
centimeters per year. In the vertical, most groundwater flow in the aquitards occurs
through a few widely spaced (7-50 m) permeable regions.

The Knox aquifer is the only true aquifer of the ORR and is the primary source of sustained
natural flow in perennial streams such as upper Whiteoak Creek, Walker Branch, Scarboro
Creek, East Fork Poplar Creek, and Bear Creek. In some places the Knox aquifer can
supply large quantities of water to wells. Flow volumes are significantly larger than in the
aquitards, and flow paths are deeper. The potential groundwater flow path length in the
Knox aquifer is substantially greater than in the aquitards—on the order of kilometers
rather than tens of meters or a few hundred meters. The one strongly suspected instance of
groundwater flow across the ORR boundary occurs along Chestnut Ridge, where water
from the Knox aquifer travels >2.5 km and discharges to Scarboro Creek.

There is no evidence of contaminant migration along deep, long subsurface flow paths.
Virtually all mobile water in the aquitards is discharged to local streams within the ORR.
However, it is likely that some flowpaths in the Knox aquifer lead to discharge points
outside the ORR boundary.

Residence times of solutes near the water table in the aquitards range from a few days to a
few years. In the intermediate and deep intervals, estimates of residence times derived
from 14C measurements and modeling are hundreds to tens of thousands of years.

Geochemical processes (adsorption and ion exchange) and the matrix diffusion process
significantly alter chemical concentrations of solutes in the ORR groundwater. One result
is retardation and storage of any contaminant in the rock matrix.

The conceptual framework is believed to be fundamentally complete and correct. The basic

premises are unlikely to change with further findings. Some details remain uncertain, and
additional data are necessary to prove and refine some parts of the tframework.
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STATUS REPORT
A HYDROLOGIC FRAMEWORK FOR THE OAK RIDGE RESERVATION

1. INTRODUCTION

1.1 PURPOSE

The Oak Ridge Reservation Hydrology and Geology Study (ORRHAGS) was established
in 1989 as an integrated study of the hydrology, geology, and soils of the reservation in
support of the extensive activities in environmental monitoring, environmental restoration,
waste management, and regulatory compliance on the Oak Ridge Reservation (ORR) of the
U.S. Department of Energy (DOE).

The Hydrologic Studies Task of ORRHAGS is designed to provide essential information
about the hydrologic environment of the ORR to those responsible for dealing with
environmental issues, including restoration, environmental monitoring, and waste

management, compliance, and enforcement.

In order to ensure optimum environmental protection, these systems and their elements
must be better understood and quantified. Additionally, in light of the enormous costs
attached to environmental protection, restoration, monitoring, and waste management,
these activities must be planned and implemented as efficiently as possible. A practical
understanding of the hydrologic systems is required for all the objectives associated with
contaminants in the hydrologic environment of the ORR.

This report describes the current status of the development of a workable framework for the
hydrology of the ORR. The framework is based mostly on data and information available
from previous investigations.

1.2  PROGRAMMATIC BACKGROUND

The 35-mile? ORR contains three DOE research and production facilities: The Oak Ridge
Y-12 Plant, Oak Ridge National Laboratory, and the Oak Ridge K-25 Site. Groundwater
monitoring, site investigations, site characterization, and remedial actions are under way at
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all three facilities to address groundwater contamination that has been identified at multiple
sites within each facility. These investigations are site-specific and deal only with the
individual contaminated site, or with relatively small groups of sites within each facility.

Prior to the establishment of ORRHAGS, there was no integrated effort to determine large-
scale hydrologic attributes or the overall groundwater characteristics of the ORR. During
1989 the entire ORR was placed on the U.S. Environmental Protection Agency's (EPA)
National Priorities List. In response, a Federal Facilities Agreement has been developed
among DOE, EPA Region IV, and the Tennessee Division of Environment and
Conservation. Implementation of the terms of the agreement and of DOE Order 5400.1
requires as complete an understanding as possible of the hydrogeologic regimes of the
ORR. It was recognized as essential to assemble, develop, and interpret relevant data in
order to meet regulatory and related demands in the most efficient and effective manner.

1.3 OVERVIEW OF DOCUMENT

This report summarizes progress toward the construction of a practical framework for
understanding the hydrogeology of the ORR and it provides evidence and summarizes
available data confirming the model. Where evidence is not in accordance with an element
of the model, it is identified. The report identifies remaining issues for which there is
insufficient evidence or data. The concepts are highlighted in general terms in Sect. 2 and
more fully elaborated in Sects. 3 and 4. Information in Sect. 4 is presented in tabular form
insofar as it is practical, with a minimum of text, for ease of reference and in an effort to
facilitate the reader’s assessment of the concept and its elements. Section 5 summarizes
and emphasizes aspects of particular significance to environmental issues. Section 6
reviews the major points of the report, identifies remaining uncertainties that require further
investigation, and presents recommendations for future efforts.

Parts of the model have major implications for environmental issues on the ORR. Over
large parts of the ORR, and especially those where most wastes have been disposed, the
marked decrease in permeability with depth imposes severe limitations on water flux
through the subsurface. On the average, ~56 cm/year of precipitation infiltrates the ORR
surface. Because of the vertical contrast in permeability, as much as 95% of this water is
quickly discharged through a zone at and near the surface via short, transiently saturated
flow paths to adjacent surface drainageways. Less than 4 cm/year reaches the groundwater
zone in valleys underlain by aquitards (mainly Bear Creek Valley, the head of East Fork
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Poplar Creek valley, Bethel Valley, and Melton Valley). Flow in the groundwater zone is
also vertically inhibited by decreasing permeability, so that the shallowest flow interval of
the groundwater zone carries the bulk of the flow in the saturated zone to discharge to local
surface waterways. A second important model element is transport processes. While
water moves rapidly through fractures, the diffusion, sorption, and exchange of solutes
into the adjacent earth materials result in extensive retardation and storage of waterborne
contaminants as they are transported away from the contaminant source.

As indicated above, the hydrologic framework is not completely developed and definitive;
undoubtedly, some aspects will remain less well developed than would be desired. For
instance, confidence decreases with depth below the surface partly, but not entirely,
because the availability of data decreases with depth. On the other hand, the model in its
present state of development represents an important advance because it accounts for most
of the phenomena observed and provides a basically complete and reliable description of
the distribution of water, water flux, and related contaminant transport. Regulatory
agencies increasingly emphasize the urgency of accelerating effective corrective actions.
The model described here is suitable to use for those purposes now, because the basic
premises are not likely to change.

Although the hydrologic framework described in this report is believed to adequately
represent hydrologic properties and processes throughout the ORR (with the identified
exceptions), the supporting data are necessarily generalized, thus are applicable only in a
general sense to a specific site. Data acquisition for detailed characterization of a specific
site is, of course, required. The general concepts in this report are useful in the planning
stages of site investigation. An important connotation of the model, for example, is the
close relationship between subsurface and surface flows. The most authentic and
unambiguous information about contaminant movement and discharge from a waste site is
available from nearby surface water records, where the local irregularities of the subsurface
material properties and contaminant transport phenomena within the basin are integrated.

1.4 IMPLICATIONS OF SCALE

Meaningful description of groundwater flow must be made at scales larger than those tested
by individual boreholes on the ORR. The standard methods for hydrogeologic data
acquisition, analysis, interpretation, and modeling were developed for the characterization
of reasonably homogeneous aquifers, including some uniformly fractured rocks. In such
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settings, hydrogeologic properties are spatially correlated, and interpolations can be made
to predict aquifer properties where there are few or no data. In the Oak Ridge area,
however, the rocks exhibit abrupt, localized discontinuities in fracture porosity, fracture
permeability, and aqueous concentrations of chemical constituents. Under these
conditions, spatial interpolation is difficult; the utility of a measurement is determined by
the applicable distance, area, or volume of subsurface materials measured.

Rocks in the ORR have little intergranular porosity and permeability, but fractures are
present throughout. As indicated by the cubic law, doubling a fracture aperture increases
hydraulic conductivity by a factor of 4 and increases groundwater flow rate by a factor of 8
(see Sect. 3). Because of this relationship, a measurement of permeability in any volume
of rock is almost entirely determined by the few fractures or cavities having the largest
apertures. Also, a few fractures or cavities dominate the groundwater flow system in any
area. Virtually all groundwater flow occurs through networks of connected fractures or
cavities formed along fractures, but variations in the number and aperture of openings
within these networks occur along the flow paths. These differences determine flow
direction (lateral and vertical) and whether flow path splits or joins occur at fracture
intersections. Values for transmissivity and hydraulic conductivity span ~7 to 8 orders of
magnitude, and values of storativity span ~3 orders of magnitude.

The movement of a water molecule is indeterminate through a fracture network of the ORR,
and a characterization of the water-bearing materials requires determinations of average
hydraulic properties within some representative volume. In granular porous media (sand
and gravel aquifers) the averaging of measurement values for volumes of <1 m3 typically
results in an adequate description of groundwater flow. Average hydraulic properties
determined over such volumes approximate uniformity over a region of interest. In
contrast, hydraulic properties averaged over small volumes on the ORR, as in the case of a
borehole and its immediate environment, are extremely variable.

Although hydraulic properties are widely variable at the borehole scale, an important
hypothesis in this report is that hydraulic properties of the aquitards averaged over volumes
of 1 to perhaps 100 m3 may vary <1 order of magnitude. Thus, while characterization of
groundwater movement at the borehole scale is intractable on the ORR, a meaningful
description is possible at slightly larger scales. For the Knox aquifer, the scale at which
spatial variations in properties are adequately integrated is not known but may be on the
order of thousands of cubic meters.
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Another important premise in this report is that nearly all groundwater passing through
waste disposal areas eventually discharges into streams on the ORR. Because the primary
pathway for off-site release of contamination is by surface water, the catchment-wide scale
is most relevant for characterizing contaminant flux. Thus, the intractability of
characterizing groundwater flow and contaminant transport at the borehole scale does not
compromise characterization objectives. Furthermore, characterization activities, such as
detailed seep, spring, and stream monitoring that effectively integrate over larger volumes,
will yield more useful results than small-scale (i.e., borehole) monitoring.

1. 5 HYDROLOGIC AND GEOLOGIC SETTING

1.5.1 General Hydrology

Mean annual precipitation in the period 1954-83 was 133 cm for stations near Oak Ridge
National Laboratory (ORNL); the minimum and maximum amounts in the same period
were 90 and 190 cm of water (Webster and Bradley 1987). The wettest period is January
through March and the driest is August through October. During those periods, mean
monthly precipitation at Oak Ridge is 13—16 cm and 7-10 cm of water, respectively.
Droughts lasting 7 d occur ~17% of the time, but droughts lasting 15 d occur, on the
average, only 1.8% of the time (McMaster 1967, Fig. 5). An average 76 cm of water
(57%) is consumed by evapotranspiration, and 57 cm of water (43%) leaves the area as
streamflow (Tennessee Division of Water Resources 1961).

'1.5.2  Physiography

The ORR is located on the western side of the Valley and Ridge physiographic province,
~32 km west of Knoxville, Tennessee. The general features that distinguish this province
are (1) parallel ridges and valleys typically oriented from northeast to southwest,

(2) topography influenced by alternating weak and strong strata exposed to erosion through
a relatively great amount of folding and faulting, (3) a few major transverse streams with
subsequent streams forming a trellislike drainage pattern, (4) many ridges with accordant
summit levels suggesting former erosion surfaces (peneplanation), and (5) many water and
wind gaps through resistant ridges. The scarp (northwest-facing) slopes of these ridges are
relatively short, steep, and smooth. The dip (southeast-facing) slopes are longer,
shallower, and hummocky to dissected.
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Elevations range from 225-410 m above sea level. Surface slopes average ~0.075 and
generally have a range of 0.03—0.3. However, the steepest part of a scarp slope may be
>(.5, whereas slopes on the floodplain of the Clinch River are ~0.015. Drainage patterns
have a dendritic shape in headwater areas and a trellis shape farther downstream.

1.5.3 Geology

The Geologic Studies Task of ORRHAGS is preparing a modern detailed geologic map of
the ORR subdividing all rock units and displaying mesoscopic structural data. A goal is to
establish correlations between fracture systems and associated subsurface fluid flow, and
formulation of a structural-hydrologic model that enables interpretation of the behavior of
groundwater and other subsurface fluids on the ORR. Understanding of the structural
setting and its controls on fluid flow at depth is an element in developing a model for
groundwater movement in this area. Progress toward completion of this subtask is
described in Hatcher et al. (1992).

1.5.3.1 Stratigraphy

Rock units of the stratigraphic section in the ORR range in age from Early Cambrian to
Silurian (Table 1.1). The stratigraphic units comprise a complex assemblage of lithologies,
with representatives from the entire Cambrian and Ordovician section. The total thickness
of section in the ORR is ~2.5 km. In general, the Cambro-Ordovician Knox Group and
part of the overlying Chickamauga Group form the competent units within the major thrust
sheets in this area. Each major stratigraphic unit (and formations within those units),
because of compositional and textural properties, possesses unique mechanical
characteristics that respond differently to the strain fields affecting these rocks through
time. Therefore, each may have experienced a slightly different scheme of brittle
deformation that subsequently may affect the transmission of fluids through them.

The Rome Formation, 90- to 125-m thick, of Late Lower Cambrian and Early Middle
Cambrian age, is the oldest formation exposed in the ORR, where it underlies Haw Ridge
and Pine Ridge, both of which cross the entire length of the reservation, and a shorter,
unnamed ridge between Pine Ridge and East Fork Ridge. A belt of deeply weathered shale
and calcareous beds of variegated coloration similar to that of the shale and siltstone of the
Rome Formation underlies the valley northwest of Pine Ridge.
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Table 1.1. Geologic units of the Oak Ridge Reservation.
Names in italic are units that make up the Knox aquifer. Other units

form the ORR aquitards.
Thick-

Unit Age ness, m Lithology
Rockwood Formation Silurian 120 Sandstone, shale
Sequatchie Formation | U. Ordovician 60 Argillaceous limestone
Reedsville Shale U. Ordovician 60 Calcareous shale
Chickamauge Group M. Ordovician 400- Limestone, argillaceous

700 limestone, shale, siltstone
Knox Group
Mascot
Dolomite 75-120
Kingsport
Formation Lower 90-150 | Massive dolomite, siliceous
Longview Ordovician, dolomite, bedded chert,
Dolomite Upper Cambrian 40-60 limestone, some clastics
Chepultepec
Dolomite 150-215
Copper Ridge
Dolomite 245-335
Conasauga Group
Maynardville Dolomitic limestone,
Limestone 125-145 | limestone
Nolichucky Shale 100-150
Dismal Gap Fmtn
" (formerly Mary- Middle, Upper 95-120 | Shale, siltstone, calcar-
ville Limestone) Cambrian eous silistone and shale,
Rogersville Shale 20-35 shaly limestone, limestone
Rutledge
Limestone 30-40
Pumpkin Valley
Shale 90-100
Rome Formation Lower Cambrian 90-125 Shale, siltstone, sandstone,
local dolomite lenses

The roughly 520-m-thick Conasauga Group underlies Melton Valley and Bear Creek Valley
as well as smaller areas in the vicinity of K-25 and northwest of Pine Ridge. The group
traditionally is subdivided in central East Tennessee into the Middle Cambrian Pumpkin
Valley Shale, Rutledge Limestone, Rogersville Shale, and Maryville Limestone (the Dismal
Gap Formation in Hatcher et al. 1992), and the Upper Cambrian Nolichucky Shale and
Maynardville Limestone. With the exception of the Maynardville Limestone, the
Conasauga is a monotonous sequence of shale, siltstone, and thin-bedded limestone. The
Maynardville, ~100 m thick, is in general massively bedded limestone and dolomite.
Because of the many years of extensive waste disposal activities in Melton and Bear Creek
valleys, the Conasauga Group is the most thoroughly studied rock unit in the ORR.
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The Knox Group is an Upper Cambrian—-Lower Ordovician dolomite and limestone
sequence divisible into five formations: the Cambrian Copper Ridge Dolomite, Ordovician
Chepultepec Dolomite, Longview Dolomite, Kingsport Formation, and Mascot Dolomite.
It underlies Copper Ridge, Chestnut Ridge, Blackoak Ridge, and McKinney Ridge at the
K-25 Site. Total thickness of the unit ranges between 600 and 900 m, with the Copper
Ridge Dolomite making up roughly one-third of the total. It forms the principal strong unit
to support the folding and low-angle thrust faulting that occurs throughout the Valley and
Ridge.

The Chickamauga Group represents deposition on a regionally extensive disconformity on
the top of the Knox Group. Relief on this surface accounts for variable stratigraphic
thicknesses in the lower Chickamauga unit. In Bethel Valley, where the section is
incomplete, the Chickamauga Group consists of more than 400 m of variably thick maroon
shale-dominated units separated by gray limestones. In East Fork Valley, the more than
700 m thick section is complete; the lower 625 m or so is dominantly gray limestone, shaly
limestone, and minor shale beds. The upper 75 m or so is shale.

The Lower Silurian Rockwood Formation and the Upper Devonian-Lower Mississippian
Chattanooga Shale are associated with the synclinal structure along the Whiteoak Mountain
Thrust Fault, and occupy only a small surface area within the ORR.

1.5.3.2 Structure

The ORR is in the Tennessee portion of the Appalachian Valley and Ridge fold and thrust
belt, characterized by the presence of a number of southeast-dipping overlapping thrust
sheets. Two major thrusts, the Copper Creek and Whiteoak Mountain faults, are exposed
in the ORR, attended by a variety of geologic structures on several scales. Although the
two major thrust faults in the area are generally single surfaces, locally small overlapping
faults have developed along them. Small- and intermediate-scale folds and tear faults
(10-100 m) may locally influence the hydrologic system.

The ORR contains a variety of geologic structures on several scales. The map-scale
structure is dominated by southeast-dipping beds interrupted by two major thrust faults and
the locally overtumed East Fork Ridge and Pilot Knob synclines (McMaster 1962).
Overall, the faults and stratigraphy strike northeast and dip to the southeast, except in the
synclines where dips swing to the northwest. Outcrop-scale structures include minor
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folds, faults, and fractures. The formation of most of these structures is closely related to
map-scale structures. Most minor folds and faults observed occur in either the Rome
Formation or Conasauga Group, a function of lithology, stratigraphy, and proximity to
map-scale faults and folds.

The most pervasive structural feature is extensional, hybrid, and shear fractures, which are
an important factor in groundwater flow in this region. An understanding of joint
orientation, mechanics of formation, and timing of development is needed. Although
nonsystematic fractures are always present, fractures tend to develop systematic
orientations over a particular area, which allow general patterns to be interpreted.

Fractures are present throughout all rocks on the ORR, and a large majority constitute a
single cubic system (three orthogonal sets) of extension fractures (Dreier et al. 1987; Sledz
and Huff 1981). One fracture set is formed by bedding planes, which have an average
strike of ~N55°E; the dip is variable but commonly is ~30-40°SE (Stockdale 1951). Two
other joint sets are approximately strike parallel and dip parallel; at shallow depths, these
sets are commonly angled ~50-60° below the horizon. These three fracture sets may occur
in any locality, and other extension and shear fractures may also be present. Fractures are
abundant on rock outcrops, in saprolite, and at shallow depths in fresh bedrock. Dreier et
al. (1987) measured an average fracture density of ~200/m in saprolite of the Maryville
Limestone and Nolichucky Shale at Waste Area Grouping (WAG) 6 near ORNL. At the
other extreme, Sledz and Huff (1981) measured a minimum fracture density of 5/m in fresh
rock. Fewer open fractures occur at deeper levels. As described by Haase et al. (1985),
fracture frequency is variable, but most fractures observed in cores occur within limestone
or sandstone layers >(.5 m thick, and many fractures are filled or partly filled with
secondary minerals.

Most fractures are short, a few centimeters to ~1 m in length (longest dimension). Sledz
and Huff (1981) found a relatively uniform fracture length of ~12 cm in shale but a fracture
length that increases with bed thickness in siltstone. Haase et al. (1985) observed
numerous fractures ~0.1-1.5 m long within limestone and sandstone units of the
Conasauga Group and the Rome Formation. Groundwater flows occur only through
networks of pervious, connected fractures. Long fractures are more likely to be widely
spaced than are short fractures, but long fractures are also more likely to have a relatively
large aperture (gap width) and to be connected. In limestone, typical fracture spacings
range from <5 cm for very thin beds to >3 m for very thick to massive beds. The areal
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extent of fractures may be only a few square meters for thin to very thin beds, but pervious
bedding-plane fractures may be 103 to 106 m2 for medium to massive beds (Ford and
Williams 1989). Also, many pervious fractures cross one to several rock layers but
terminate at the connections with other fractures (Ford and Williams 1989).

In the Knox Group, and to a much more limited extent in other carbonate rocks of the
ORR, some fractures are enlarged by solution. As solution progressed in the upgradient
direction of the water table, some conduits, as they intercepted smaller cavities, became
dominant flow channels, in a way somewhat analogous to the development of a surface
drainage system. It is only in the Knox Group and the adjacent Maynardville Limestone
(together in this report called the Knox aquifer) that cavity systems are highly developed
and areally extensive.
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2. OVERVIEW OF THE CONCEPTUAL MODEL

In this section a conceptual model of subsurface flow and contaminant transport on the
ORR is introduced and summarized. This model represents an integration of data,
information, and concepts from many technical studies and is intended to describe,
generically for the ORR, water flux and water chemistry as they vary in three dimensions
and in time. The model is consistent with most but not all observations and measurements.
Some parts of the model are limited by data availability. Because uncertainty exists in some
parts, the model described here is a framework upon which to build as new data are
obtained. The purpose of this report is not only to convey current understanding but also
to establish a baseline to aid in the interpretation of future studies and to highlight areas of
uncertainty. Evidence supporting this conceptual model, along with descriptions of
remaining uncertainties, is discussed in Sect. 4, and implications for contaminant transport
are in Sect. 5.

Two broad hydrologic units are identified in the ORR, each having fundamentally different
hydrologic characteristics. The Knox Group and the Maynardville Limestone of the
Conasauga Group constitute the Knox aquifer, in which flow is dominated by solution
conduits. The remaining geologic units (see Sect. 1.5) constitute the ORR aquitards, in
which flow is dominated by fractures. The generalized map below shows surface
distribution of the Knox aquifer and the ORR aquitards.
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The subsurface flow system in both the Knox aquifer and in the ORR aquitards can be
divided as follows (Fig. 2.1): the stormflow zone; the vadose zone; the groundwater zone,
which is subdivided into the water table interval, the intermediate interval, and the deep
interval; and the aquiclude. These hydrologic subsystems are defined on the basis of water
flux, which decreases with depth; the largest flux is associated with the stormflow zone and
the smallest with the aquiclude. Note that these subsystems are vertically gradational and
are not separated by discrete boundaries. Because a subsystem does not operate
independently of the system as a whole, it is not possible to understand a given subsystem
out of context of its interactions with the entire system. Although it is useful to simplify a
system by subdividing it for the purpose of analysis, it is important to understand that
major processes within a subsystem, as well as the interactions that occur between

subsystems, are functions of the system as a whole.
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Fig. 2.1. Schematic vertical relationships of flow zones of the ORR,
estimated thicknesses, water flux, and water types.

The hydrologic subsystems description differs from the stratigraphic units described in
Hatcher et al. (1992) in that hydrologic boundaries do not coincide with stratigraphic
boundaries in many cases. Hydrologic subsystems are defined in the vertical,
superimposed on stratigraphic units. In other words, the hydrologic subsystems are
continuous across the entire reservation, but the subsystem properties and boundaries are
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To emphasize the hydrologic contrasts, geologic units of the ORR are grouped either as aquitards or as the Knox aquifer, as
shown above,

The aquitards are mostly fractured shale, siltstone, sandstone, and thinly bedded limestone units that underlie Mciton Valley
and Bear Creek Valley, where most waste areas of the ORR are located, and a part of the K-25 area, as well as Haw Ridge an
Pine Ridge. Flowpaths in the aquitards are formed by fractures in the nearly impermeable rock matrix. The aquitards are
characterized by low to very low permeability that decreases rapidly with depth and by shallow, short flowpaths. )

The Knox aquifer is mostly massive, siliceous dolomite and limestone that underlies Copper Ridge, Chestnut Ridge,
Blackoak Ridge and a part of the K-25 area. In the Knox aquifer, solution cavities form flow conduit systems in the nearly
impermeable rock matrix. Some flowpaths in the Knox aquifer are as long as 3 km.and are substantially deeper than in the
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locally influenced by hydrostratigraphic units. Although many factors influence
groundwater flow on the ORR, topography, surface cover, geologic structure, and
lithology exhibit strong influence on the hydrogeology. Variations in these features result
in water flux variations.

Because of substantial topographic relief and a marked vertical decrease in permeability,
subsurface flow is predominantly shallow on the ORR. In addition to groundwater flow,
contaminant migration rates are strongly influenced by geochemical processes, including
ion exchange, sorption, and precipitation/dissolution of mineral phases. The retardation of
contaminants on the ORR resulting from geochemical processes is specific to each
contaminant. The rate of tritium migration, for example, is virtually the same as
groundwater, whereas the migration of cesium through the ORR aquitards may be too
small to detect. Although chemical processes constitute the dominant retardation
mechanism for many contaminants, the process of matrix diffusion is emphasized in this
report because it is generic to all contaminants and provides the basis for a “worst case”
scenario for contaminant migration.

2.1 STORMFLOW ZONE

Detailed water budgets indicate that ~90% of active subsurface flow occurs through the

1- to 2-m-deep stormflow zone. Natural areas of the ORR are heavily vegetated, and the
stormflow zone approximately corresponds to the root zone. Infiltration tests indicate that
this zone is as much as 1000 times more permeable than the underlying vadose zone.
During rain events, the stormflow zone partially or completely saturates and then transmits
water laterally to the surface-water system. When the stormflow zone becomes completely
saturated, overland flow occurs.

Where such excavations as waste trenches penetrate the stormflow zone, a commonly
observed condition known as bathtubbing can occur in which the excavation fills with
water. Between rain events, as the stormflow zone drains, flow rates decrease dramatically
and flow becomes nearly vertical toward the underlying vadose zone. The transmissive
capability of the stormflow zone is created primarily by root channels, worm holes, clay
aggregation, fractures, etc., collectively referred to as large pores. Although highly
transmissive, large pores comprise only ~0.2% of the total void volume of the stormflow
zone. Because most of the water mass resides within less transmissive small pores,
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advective-diffusive exchange between large and small pores substantially reduces
contaminant migration rates relative to fluid velocities in large pores. N

2.2 VADOSE ZONE _;

A vadose zone exists throughout the ORR except where the water table is at land surface,
such as along perennial stream channels. The thickness of the vadose zone is greatest
beneath ridges, and thins towards valley floors. Beneath ridges underlain by the Knox
aquifer (Copper Ridge, Chestnut Ridge, McKinney Ridge, and Blackoak Ridge), the
vadose zone commonly is as much as 50 m thick, whereas beneath ridges underlain by the
Rome Formation (Haw Ridge and Pine Ridge) the vadose zone is typically <20 m thick. In
lowland areas near streams, a permanent vadose zone does not exist because the stormflow
zone intersects the water table. The vadose zone consists of regolith composed mostly of
clay and silt, most of which is derived from the weathering of bedrock materials, and
which has significant water storage capacity. Most recharge through the vadose zone is
episodic and occurs along discrete permeable features that may become saturated during
rain events, even though surrounding micropores remain unsaturated and contain trapped
air. During recharge events, flow paths in the vadose zone are complex, controlled by the
orientation of structures of the materials, such as relict fractures. Between recharge events,
flow rates decrease dramatically, and flow paths are toward the groundwater zone.

2.3 GROUNDWATER ZONE

A convergence of evidence indicates that most water in the groundwater zone of the
aquitards is transmitted through a layer, ~1-5 m thick, of closely spaced, connected
fractures near the water table, as shown below.
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Pl

in the ORR is probably not coincidental. Regolith above this level has been formed by a
large water flux, and the presence of unweathered bedrock at deeper levels apparently
indicates a smaller water flux. Cyclic variations in water table elevation change the
saturated thickness of the permeable layer. The resulting changes in transmissivity explain
an order-of-magnitude fluctuation in groundwater discharge rates even though (1) contours
of annual high and low water table elevations show little change in hydraulic gradient and
(2) seasonal changes of water level in most wells are small compared with height of the
water level above stream level. Opposite changes in hydraulic gradient and saturated
thickness occur from one topographic location to another. The product of transmissivity
and hydraulic gradient is constant (or increases with recharge) along each flow path.

The range of seasonal fluctuations in depth to the water table and in rates of groundwater
flow vary significantly across the reservation. In the areas of the Knox aquifer, seasonal
fluctuations in water levels average 5 m and the specific discharge through the active
groundwater zone is typically 9 m/year. In the aquitards of Bear Creek Valley, Melton
Valley, East Fork Valley, and Bethel Valley, seasonal fluctuations in water levels average
1.5 m, and typical specific discharge is 5 m/year.

As in the stormflow zone, the bulk of water mass in the water table interval resides within
porous matrix blocks between fractures, and diffusive exchange between matrix and
fractures reduces contaminant migration rates relative to fracture fluid velocities. For
example, the leading edge of a geochemically nonreactive contaminant plume migrates
along fractures at a typical rate of 1 m/d; however, the center of mass of a contaminant
plume typically migrates at only 0.05 m/d.

Below the water table interval, fracture control becomes dominant in flow path direction.
The base of the water table interval corresponds to the zone of transition from regolith to
bedrock. In the intermediate interval of the groundwater zone, groundwater movement
occurs primarily in permeable fractures that are poorly connected in three dimensions. In
the Knox aquifer a few hydrologically dominant cavity systems control groundwater
movement in this zone, but in the aquitards the bulk of flow is through fractures, along
which permeability may be increased by weathering.
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Fracture orientations measured in outcrop fall into three sets, as illustrated below.
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One fracture set is parallel to and along bedding planes and thus parallel to strike. The dip
of this fracture set varies with bedding plane dip, generally ranging between 10 and 50°. A
second set is also parallel to strike but perpendicular to bedding planes. The dip of this set
also varies with bedding plane dip and thus is a function of depth, inclined near the surface
where bedding planes dip more steeply, then vertical at depth where bedding plane dip
flattens. A third set is perpendicular to strike.

Fracture orientations and converging groundwater flow paths in and near valley floors give
rise to preferential groundwater movement along strike, toward cross-cutting tributary
drainageways. Bedding-plane and strike-parallel fractures and their intersections are more
permeable than the dip-parallel fractures, and flow paths are along-valley toward cross-
cutting tributary streams.

The chemical characteristics of groundwater change from a mixed-cation-HCO3 water type
to an Na-HCO3 type in the ORR aquitards at depths ranging from 30 to 50 m. Although
the geochemical mechanism responsible for this change in water types is not entirely
quantified, it probably is related to water residence time. The transition from Ca-HCO3 to
Na-HCO3 serves as a useful marker and is used in this report to distinguish the
intermediate groundwater interval from the deep interval, a transition which is not marked
by a distinct change in rock properties.

Below the intermediate interval, small quantities of water are transmitted through discrete
fractures in the deep interval. The hydrologically active fractures in the deep interval are
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significantly fewer in number and shorter in length than in the other intervals, and the
spacing is greater, partly because of less dissolution of fracture fillings. Fracture
orientations are similar to those described earlier for the water table interval.

Wells finished in the deep interval of the ORR aquitards typically yield <0.1 L/min and
thus have no potential for water supply. The specific storage of the bedrock aquitard is
small, and as a result some hydraulic heads in the deep interval respond to precipitation
events, even though the associated water flux is small. The chemical characteristics of
groundwater in the deep interval are different from those of the water table interval and
probably reflect longer water residence times. Although diffusive transfer between
fractures and matrix blocks is an important process in the deep interval, the total matrix
porosity is less than that of the water table interval, the vadose zone, or the stormflow
zone, thereby reducing the retarding effect on contaminant migration rates relative to more
shallow zones.

2.4 AQUICLUDE

Saline water, having total dissolved solids ranging from 2,000 to 275,000 mg/L, lies
beneath the deep interval of the groundwater zone, delineating an aquiclude. Chemically,
this water resembles brines associated with major sedimentary basins, but its origin and
rate of movement are not known. The depth to the aquiclude is ~180-240 m in Melton and
Bethel valleys and is believed to be >300 m in portions of Bear Creek Valley. Depth to the
aquiclude in areas of the Knox aquifer is not known but is believed to be >350 m.
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3. SYSTEM PROPERTIES

Subsurface flow and contaminant transport on the ORR are influenced by properties and
processes that are distinctive to fractured-rock, topographically controlled hydrogeology.
For example, the low hydraulic conductivity (10 to 10-8 cm/s) of much of the ORR
subsurface materials creates difficulties in measuring hydraulic parameters and sampling for
water quality (Dreier and Toran 1989; Moore 1988). Water levels in some deeper wells on
the ORR may require more than 5 years to recover from drawdown caused by drilling. All
rocks of the ORR are fractured. The permeable features formed along some fractures
produce complexity both in monitoring and in predicting fluid flow and solute transport.
Permeable features create zones of fast flow in which solutes may move in directions that
deviate from the direction of maximum hydraulic gradient.

Figure 3.1 illustrates the definitions of several parameters that are important in the context
of flow and transport in fractured porous media. Most of the fluid flow occurs through
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discrete permeable features (typically fractures); however, most of the fluid mass resides
within the porous matrix of the rock materials between permeable features.

.t

Hydrograph analysis, pumping tests, and tracer tests on shallow wells indicate that the
effective porosity for the groundwater zone is in the range of 10-3 to 10-3. Such low
values give rise to large fluid velocities within permeable features, even though