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EXECUTIVE SUMMARY

Shaw Environmental, Inc. (Shaw) has been tasked by the U.S. Army Corps of Engineers
(USACE), Baltimore District, to prepare a revised and updated Current Conditions Report (CCR)
in accordance with Contract Number DACA31-94-D-0064, Delivery Order 009. This version of
the CCR supersedes previous versions of the report. The purpose of the revised CCR is to
augment the present understanding of the conceptualized picture of the geology and
hydrogeology of the Horseshoe Area (HSA) of Radford Army Ammunition Plant (RFAAP).

A regional approach was adopted to investigate groundwater in the HSA due to the complex
nature of the folded and faulted carbonate rocks. Both a regional karst aquifer, consisting of
solutionally enhanced fractures and fissures (small caves) in the carbonate rocks, and a local
non-karst aquifer, consisting of flow through unconsolidated sediments near the river, have
developed underlying the site. The karst aquifer makes traditional groundwater investigation
techniques unreliable because groundwater flow is in the direction of the fissures and fractures,
“upgradient” and “downgradient” directions are not as easily assessed. The regional approach
allows an analysis of sources and sinks for groundwater that can be used to demonstrate that
groundwater flow pathways have been identified and investigated. This approach allows for the
best utilization of resources to obtain the information necessary to address data gaps and data
needs. A map showing monitoring well locations in the HSA is presented in Figure EX-1.

The geology at the HSA and the surrounding region is characterized by severely deformed rock
of Cambrian through Pennsylvanian age. The primary structural control is the Pulaski thrust
sheet and the numerous thrust imbrications that have occurred through successive tectonic
events. Additional tectonic events have occurred which have increased the number of faults and
degree of folding. These structural events have resulted in severe fracturing and brecciation of
the bedrock units in the HSA and vicinity.

In addition to the structural deformation, the carbonate rock units (limestone and dolostone) are
subject to karstification, which has resulted in solutionally enhanced secondary porosity. The
enhanced porosity, when interconnected, can result in the rapid movement of groundwater and
solute through the aquifer system.

The hydrogeologic conditions in the HSA are complex because of the intense structural
deformation of the bedrock units and the karstic nature of the aquifer contained within limestone
and dolostone underlying the facility. The most characteristic feature of a karst aquifer is the
flow of groundwater through solutionally enlarged bedding planes and fractures. Groundwater is
predominantly flowing through the numerous fractures, fissures, and bedding planes in the rock,
ultimately discharging to the New River through many small springs or seeps. Many of these
springs occur in groups and, when observed, are approximately at base level. An important
factor in this groundwater continuum is the karst feature known as epikarst. The epikarst is the
weathered upper portion of the bedrock. The depth to which the epikarst can penetrate is highly
variable. The epikarst creates avenues for the transport of groundwater to the bedrock and also
provides storage of groundwater and solute detainment. Epikarst forms the foundation for
groundwater flow conditions at RFAAP.

The groundwater flow network found in the HSA can be differentiated into three end-member
types according to the nature of the voids in which the water is stored and through which it is
transmitted, namely: (1) porous (or granular), (2) fissure (or fracture), and (3) conduit. The first
type is the primary porosity and intergranular permeability seen in the soil profile as well as the
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fluvial sediments found along the New River and in the terrace deposits in the interior of the
HSA. The second type is the fracture flow seen in the epikarst, the underlying unsaturated
zones, and in some parts of the saturated zone. The third type is characterized by conduit flow
that occurs below the water table. The first and second types are the primary methods of
transmitting meteoric water, solutes, and perched groundwater to the saturated zone, the surface
(springs or seeps), and finally to the New River.

Within RFAAP, and particularly within the HSA, sinkholes and photolineaments, which may be
associated with sinkhole development, are areas for groundwater recharge. The western half of
the HSA contains a number of sinkholes observed from the aerial photographs (circa 1937) and
topographic maps, most of which have been covered due to site development. The eastern half
of the HSA contains a number of photolineaments and few sinkholes. This eastern area is also
the topographically highest point in the HSA. The photolineaments in this area can be zones of
high secondary porosity due to fissured and solutionally enhanced carbonate rock, allowing
surface water to migrate very quickly into the subsurface.

The groundwater gradient contour maps on Figures 4-1, 4-2, and Appendix B give
approximations as to where water is entering the HSA. Recharge in the eastern HSA occurs
through karst features in the region of the topographic highs near SWMUs 28, 51, and 30 and, to
a smaller extent, through porous infiltration at lower elevations.

The river may act as a source of aquifer recharge during times of decreased precipitation and low
water table levels by recharging the porous units along the margins of the HSA, which resulits in
a “losing section” of the river. During periods of increased precipitation and normal water
levels, the groundwater gradient is towards the New River and water is discharged through
springs and seeps. The two-way communication between the unconsolidated alluvial aquifer and
the New River allows water to migrate back-and-forth, depending on the relative height of the
river and the water table.

Spring discharges in the HSA occur in small groups or clusters that are interpreted to be
associated with the complex tectonic setting of the site. One cluster of springs is found in an
area on the southwestern side of the Main Manufacturing Area. This location is bounded
between two faults that channel groundwater in a westerly direction towards the river. This
hypothesis is confirmed to some degree by the positive dye trace performed by Engineering-
Science (1994). Three other spring cluster areas are located on the HSA downslope from
SWMU 31; downslope from SWMU 39; and at the downstream property line.
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1.0 INTRODUCTION

Shaw Environmental, Inc. (Shaw) has been tasked by the U.S. Army Corps of Engineers
(USACE), Baltimore District, to prepare a revised and updated Current Conditions Report (CCR)
in accordance with Contract Number DACA31-94-D-0064, Delivery Order 009. The purpose of
the revised CCR is to augment the present understanding of the conceptualized picture of the
geology and hydrogeology of the Horseshoe Area (HSA) of Radford Army Ammunition Plant
(RFAAP).

1.1 OBJECTIVE AND SCOPE

The objective of the CCR is to compile existing information on the geology, hydrogeology, and
chemicals of potential concern in soil and groundwater in the HSA. This version of the report
supersedes previous versions of the report. Information was obtained from repositories, various
agencies, reports, and data obtained during field activities. This information was used to compile
detailed maps and site descriptions and prepare a conceptualized model of the local geology and
groundwater gradient.

The revised CCR contains the following sections after the introduction:

e Section 2, “Installation Description.” This section describes the location of the
facility, land use/demographics, climate, and previous investigations.

e Section 3, “Geology and Hydrogeology.” This section discusses the physical
elements of the facility and region, including a description of the physiography,
geology, hydrogeology, and surface water hydrology.

e Section 4, “Investigative Activities and Results.” This section discusses the
investigative activities performed, in addition to a review of previously prepared
documents, literature, and results from past and current investigations to obtain a
thorough understanding of the physical environment.

e Section 5, “Current Conditions.” This section describes the current conditions,
based on available data, and the conceptualized interpretation and understanding of
the physical environment.

e Section 6, “Recommendations.” Recommendations for future activities will be
based on forthcoming consultations with stakeholders at a meeting scheduled for late
September, 2005.

o Section 7, “References.” This section contains the references used in preparing this
document.
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I 2.0 INSTALLATION DESCRIPTION |

RFAAP is a government-owned, contractor-operated industrial complex located in Radford,
Virginia. It is owned by the U.S. Department of the Army and was operated under contract with
Hercules, Inc. from 1941 until 1995 when Alliant Techsystems, Inc. (ATK), became the
operating contractor. The installation consists of two noncontiguous areas: the Main
Manufacturing Area (MMA) and the New River Unit (NRU).

The MMA has numerous buildings spread over several thousand acres and produces propellants
and explosives used by the Department of Defense.

2.1 LOCATION

The MMA is located approximately 10 miles (mi) west of Blacksburg and 37 mi southwest of
Roanoke (Figure 2-1). It lies in one of a series of narrow valleys typical of the Appalachian
Mountain region. The valley is oriented in a northeast-southwest direction and is approximately
25 mi long and 8 mi wide at the southwest end, narrowing to 2 mi at its northeast end. The
facility is situated along the New River in the relatively narrow northeast region of the valley and
is divided into two parcels separated by the New River: the MMA and the HSA. The MMA is
located south of the New River. The HSA is located within the meander of the New River. This
document primarily deals with the HSA.

Topography within the HSA varies from a relatively flat floodplain to elevated uplands in the
extreme southeast section. The New River forms the RFAAP boundary on the north, with an
elevation approximately 1,675 feet (ft) above mean sea level (msl). The eastern boundary
represents a transition from a floodplain elevation of 1,680 ft msl to an upland elevation of over
1,820 ft msl. The southern boundary borders the New River at an elevation of approximately
1,680 ft msl and sharply rises to a bluff of 1,800 ft msl. The western boundary follows the bluff
line overlooking the New River to a point where the Norfolk and Western Railroad crosses the
western portion of the HSA.

2.2 LAND USE/DEMOGRAPHICS

The area around the MMA has not been highly developed because of the steep terrain
surrounding the area. Land use in the vicinity of the facility is mostly rural; less rugged areas
have been primarily used for agriculture. The majority of counties situated in the New River
Valley, which includes Montgomery, Pulaski, Giles, and Floyd counties, are forested. The
Jefferson National Forest is located approximately 2 mi north of the facility. Some 38% of the
area of the New River Valley is classified as nonforest land, including agricultural land,
developed land, and water acreage (NRVPDC, 1994). The Blacksburg/Christiansburg VPI
(Virginia Polytechnic Institute) Water Authority owns four parcels of land adjacent to the
facility. There are approximately 200 private residences located adjacent to the facility (Dames
& Moore, 1992). The largest substantial development, Fairlawn, is located about 2 mi southwest
of the MMA boundary.
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Figure 2-1
RFAAP and Vicinity Map
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According to the U.S. Census Bureau, the city of Radford, located about 4 mJ southwest of the
MMA, had a population of 15,859, which is equivalent to 1,586 people/mi” in 2000. Populatlon
densities in 2000 for Montgomery and Pulaski Counties were 215.4 and 109.6 persons/m1 ,
respectively. The estimated populations in 2003 for Montgomery and Pulaski Counties were
85,614 and 35,030 people, respectively (U.S. Census Bureau, 2005). The current estimated
population densities are 220.6 and 109.1 persons/miz, respectively.

2.3 CLIMATE

The climate of the area encompassing RFAAP is classified as “moderate continental,” and is
characterized by moderately mild winters and warm humid summers. Prevailing winds are from
the southwest, with an average yearly wind speed between 8 and 10 mi/hr (SCS, 1985).
Seasonal average temperatures in the spring and tall are about 53 degrees Fahrenheit (°F).
Summer average temperatures in this area are 71.6°F and winter temperatures average 36.4°F
(Pulaski County Comprehensive Plan, 1998). Temperatures recorded at the historic Kentland
Farm (Virginia Agricultural Experiment Station) located just north of RFAAP along the New
River range from 29.7°F in January (2003) to 71.5 °F in August (2002). The average

temperature over the course of the study period from September 2002 to August 2003 was
52.1°F.
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Average monthly precipitation ranges from about 2.5 inches (in.) to 4.1 in. with an annual total
precipitation between 36.9 in. and 41.5 in. (NCDC, 1999). According to the National Oceanic
and Atmospheric Administration (NOAA), from 1971-2000, a precipitation gauge in Radford,
VA, recorded an average annual precipitation of 36.48 in. (NOAA, 2002). The highest monthly
average occurs in May (3.49 in.) and December has the lowest monthly average (2.29 in.).
Snowfall in the vicinity of RFAAP averages 17 in. annually (Pulaski County Comprehensive
Plan, 1998). Precipitation recorded at the Kentland Farm totaled 54.4 in. from September 1,
2002, to August 31, 2003. The highest monthly total occurred in June 2003 (7.61 in.). This year
was much wetter than the three previous years. From 1999 through 2003, the Virginia Drought
Monitoring Task Force has been reporting below average groundwater, stream, reservoir, and
river levels for a majority of Virginia. There were periods of near normal precipitation that
slowed the decline of these water levels. However, the drought lasted until November 2003,
when the task force reported that 241% of the long-term average rainfall fell during first three
weeks of November (VDEQ, 2003).

Lake evaporation was measured at 32 inches per year (in/yr) in the same area. Potential
evapotranspiration (ET) has been calculated at 30 in/yr using the Thornthwaite method (Parsons,
1996). Using the Thornthwaite method, 24.73 in/yr was calculated for the RFAAP based on
2002-2003 water year. Montgomery and Pulaski Counties lie in one of the areas of highest
occurrence of dense fog in the United States. Dense fog can be expected to occur between 20
and 45 days/yr.
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| 3.0 GEOLOGY AND HYDROGEOLOGY

3.1 PHYSIOGRAPHY

RFAAP lies within the Valley and Ridge Province of the Appalachian physiographic division.
The Valley and Ridge Province is characterized by a series of long, narrow, flat-topped mountain
ridges separated by valleys of varying widths. Either of these landforms may predominate; the
mountains may be widely spaced and isolated or so closely spaced that the lowlands are
disconnected or absent.

The southern Appalachian foreland fold- and thrust-belt represents the deformed westerly
portion of the Allegheny Orogeny. The Valley and Ridge Province is dominated by linear to
arcuate (curved), eastward dipping, northeast-southwest trending thrust faults that truncate
regional anticlines and synclines (Figure 3-1) (Reks and Gray, 1983). Thrusts have listric
(sloping and bounded) geometries and join a decollement (detachment structure) at depth.
Multiple decollement levels within incompetent strata are connected by structural ramps and
form a step-like progression up through the stratigraphic section in the direction of tectonic
(structure of earth’s crust; formation of folds and faults) transport (Reks and Gray, 1983).

The rocks exposed in this region range in age from Cambrian through Pennsylvanian (550 to 300
million years ago), consisting of sandstones, shales, limestones, and dolostones. Because of
differential weathering, the relatively more resistant sandstone and dolostones form ridges while
the less resistant shales and limestones have weathered into valleys and sinkholes (Llopis and
Sjostrom, 1989).

3.2 REGIONAL GEOLOGY
3.2.1  Rock Types

Elbrook Formation (Cambrian). The Elbrook Formation is the major rock unit that crops out at
RFAAP. This formation is composed of thickly bedded, blue-gray dolostone (i.e. dolomitic
limestome) interspersed with blue-gray to white limestone; brown, green, and red shale;
argillaceous limestone; and brecciated limestone (colors range from mottled light- to dark-gray
and yellow-brown). The formation ranges from 1,400 to 2,000 ft thick. The strike of bedding in
the Elbrook Formation is variable throughout the region. The general orientation of bedding is
seen in the nearly east-west alignment of sinkholes at RFAAP and the surrounding area. Karst
features including sinkholes, solution channels, pinnacled surfaces, fissures, and springs are
common to the Elbrook Formation. Most sinkholes in the area are oval shaped and elongated
along the strike of the bedding; they most likely represent bedding plane fractures or structurally
controlled fault zones within this formation.

Rome Formation (Cambrian). The Rome Formation underlies the Elbrook Formation;
however, the Rome does not crop out at RFAAP. It is composed of red and green shales,
sandstone, dolostone, and limestone. The red shales commonly mark the basal unit. Thickness
ranges from 1,000 to 2,000 ft.

Conococheague Formation (Cambrian). The Conococheague Formation overlies the Elbrook
Formation and is composed of limestone, dolostone, and sandstone. It ranges in thickness from
approximately 1,700 to 2,200 ft and does not outcrop within RFAAP.
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McCrady/Price Formation (Mississippian). Mississippian rocks of the McCrady/Price
Formation outcrop east of the MMA along Stroubles Creek. This formation consists of mottled
red and green shale and mudstone interspersed with brownish-green siltstone and sandstone. It
may be up to 1,500 ft thick.

Max Meadows Tectonic Breccia. The Max Meadows Tectonic Breccia, which is evidence of
the close proximity of the Pulaski fault surface, is abundant in the southeastern region of the
HSA. It consists of poorly-sorted, angular to sub-rounded clasts of massive dolostone, laminated
dolostones, and finely laminated greenish-gray calcareous mudstones in a fine- to very fine-
grained matrix of crushed dolostone. Clasts range from less than 1 in. to more than 3 ft in length.
The breccias are massive to crudely-layered and are well- to poorly-indurated (hardened by
compaction, temperature, or cementation). The breccia, which is mostly fine-grained along the
fault contact (Schultz, 1986), is an integral part of the highly deformed rocks along the base of
the Pulaski thrust sheet. The thickness of the breccia is highly variable with no discernable
orientation.

3.2.2  Structural Geology

The Valley and Ridge Physiographic Province of southwestern Virginia consists of closely
spaced valleys and ridges that are directly related to folds in the underlying Paleozoic sequence
of rocks, dating from 550 to 300 million years ago. The history of this era includes a series of
sea level transgressions and regressions as well as three orogenic (mountain building) events
(Table 3-1). The transgressions are recorded by the deposition of marine sediments
(carbonates/dolostone), and the regressions are evidenced by clastic deposition. The orogenic
events are recorded by deformation (faulting, folding, and cleavage) in the rocks.

Major thrust slices in this portion of the Valley and Ridge Province (southwest Virginia) include
the Pulaski, Saltville, Copper Creek, and Clinchport thrust sheets. Faults have displacements on
the order of tens of miles. Other major structural features in this portion of the Valley and Ridge
Province are northeast-southwest trending folds and faults.

Figure 3-2 presents the general geology of the Pulaski Thrust Sheet. The Pulaski thrust sheet is
one of the several major southeast dipping Alleghenian thrusts of the southern Appalachians. It
has been traced along strike (the direction of a structural surface as it intersects the horizon) for
approximately 227 mi. Estimates of displacement near RFAAP range from 7 to 23 mi
(Bartholomew and Lowerey, 1979). Cambrian bedrock is thrust over rocks of Mississippian age;
thus, the most recent era of thrust emplacement is Mississippian. The preserved thickness of the
Pulaski thrust sheet ranges from approximately 680 to 1,820 feet in adjacent areas (Schultz,
1983). Regional scale synclinoria or multiple large scale synclinal structure of regional extent
composed of lesser folds are the dominant first-order structures within the Pulaski thrust sheet
(Figure 3-3) (Schultz, 1983).

The Pulaski thrust sheet has undergone a four-fold deformation sequence. From relatively oldest
to youngest these are:

1. decollement thrusting along a footwall of Cambrian rocks;

2. thrusting over a ramp that formed in folded and faulted rocks ranging in age from
Cambrian to Mississippian;

3. decollement thrusting along a footwall of Mississippian rocks; and,
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Table 3-1
Summary of Geologic Events Affecting the Valley and Ridge Province

Period " -

Agg,ﬁfld of Period |

Formations Present in

; : : L Geologic Setting: ‘Sedimentary Events
ERA . Ma) . Province .~ - A e Selting e
9 2
)
8 Tertiary none Stable plate interior Constant erosion Gentle uplift
Z
3
66
=
Q : Deposition of tacustrine and . .
8 grgla?eous Jurassic none Opening of Proto-Atlantic Ocean terrestrial sediments in basins to Extensional rift \:allcys
A Toassic formed to the easl
S the east
s 248
Permian 286 none
Compressional deforma-
. i s Vall d
Allegheny Orogeny--collision of North ;{?3 iog?:vin‘::;yei?ensive
Pennsylvanian McCrady/ Price America with another landmass to the foldging faulting, and
cast Deposition of clastic (terrestrial) cleuvag’e' Pulusk‘i thrust
sedimentary rocks with minor OCCUTS.
320 carbonates
Mississippian 360
=
S
8 Devonian Brailler Fm Orogeny Compressional deforma-
;‘} tion forms Blue Ridge
~ 408 Mountains
Silurian to the east.
Srn 438 none
Ordovician Undivided Knox Group Deposition of carbonates and
305 Warm shallow sea; 15" from equator minor clastics
. . Max Meadows Conococheague Fm
Cambrian Elbrook Fm Rome Fm unknown
590
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4. folding and faulting of the emplaced Pulaski thrust sheet and of rocks of the footwall of
the Pulaski thrust sheet (Saltville sheet) (Schultz, 1983).

Rocks of the Pulaski thrust sheet consist of two distinctively different litho-tectonic units (groups
of rocks units exhibiting similar physical characteristics). Rocks of the lower part of the sheet
have high mechanical anisotropy, alternating high and low competency, and high rheologic
(rocks are easily deformed and flow under certain conditions) contrasts. These rocks are chiefly
laminated and thinly bedded dolomites, argillaceous phyllites, alternating with massive
dolomites and limestones of the Lower Cambrian Rome Formation and the lower part of the
Middle Cambrian Elbrook Formation. The upper part of the Pulaski thrust sheet has rocks of
low mechanical anisotropy, dominantly high competency, and low rheologic contrasts. These
rocks are massive dolomites and thin- to thick-bedded limestones of the upper part of the Middle
Cambrian Elbrook Formation and the Upper Cambrian Conococheague Formation (Schultz,
1983).

Various examples of the low and high rheologic contrasts of the rocks in the vicinity of RFAAP
are shown on several photographs located in Appendix A. Photograph A-51 (panorama of
railroad cut) illustrates the difference in antiforms (a series of folds, predominantly anticlines).
The light brown-colored rock is limestone that has thickened as the limestone became ductile
during intense pressure and temperature. The Photograph A-22 is an example of the lower
competency limestones showing the thickened and thinned ductile deformation. Another
example is the Photograph A—47, showing very tight, broken folds in thin-bedded dolomites.

Three structural divisions are described by Schultz (1983) and are illustrated in this region:

1. the footwall division includes the folded Mississippian rocks of the McCrady and Price
Formations of the Saltville thrust sheet;

2. the broken formations consisting of the Elbrook Formation and to a lesser extent, the
Rome and Max Meadows breccia; and,

3. the fold-and-thrust division consisting of the Elbrook and Conococheague Formations of
the Pulaski thrust sheet (Schultz, 1983).

3.3 LOCAL GEOLOGY

Although the area surrounding RFAAP has been mapped geologically in detail (Schultz and
Bartholomew, 2000, VDMR open file in preparation; Schultz, 1983; Glass, 1970; Hergenroder,
1957; and Waesche, 1934), the facility itself had not previously undergone rigorous geologic
mapping. In June 1995, Parsons Engineering Science, Inc. (Parsons) performed a mapping
project of the complex geological structural features at RFAAP. This effort was performed to
supplement the existing geologic data for the area and to address site-specific deficiencies in the
geologic database (Parsons, 1996).

The fault surfaces of the Pulaski thrust sheet are rarely exposed in the RFAAP area because of
development, heavy vegetation, and alluvial fill. When the fault surface is exposed, the types of
exposures consist of fractured, veined and folded Cambrian dolomites, argillaceous dolomites
and phyllites of the broken formations lying on macerated (soft and highly weathered), fractured,
and foliated Mississippian rocks. One type of exposure is the Max Meadows breccia. The
breccia ranges in thickness from >3 ft to <10 ft (Schultz, 1983). It is commonly derived from
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thinly bedded to thinly laminated argillaceous dolomites of the Elbrook Formation. This type of
rock consists of poorly sorted, angular to sub-rounded clasts of dolomite in a fine- to very fine-
grained matrix of crushed dolomite. Photographs A—13 (Pulaski fault zone near highway 114
bridge over the New River) and A-15 (close up of the breccia) illustrate an example of the Max
Meadows breccia.

A second type of exposure consists of calcareous phyllite and phyllitic mudstone of the lower
part of the Elbrook Formation and the upper part of the Rome Formation. This consists of
phyllitic clasts in macerated phyllite and minor crushed dolomite matrix. This type of formation
was not evident or observed in the RFAAP area.

The third type of exposure is a 1- to 30-m-thick zone of deformed Cambrian to Devonian
tectonic slices in between deformed Mississippian mudstones below and Max Meadow breccias
or Cambrian dolomites above. The tectonic slices were derived from the footwall of the Pulaski
thrust sheet during the ramp stage of sheet emplacement. Within the stacked tectonic slices,
massive dolomites and sandstones are cataclastically (a deformation type characterized by
broken or deformed minerals) deformed with originally sedimentary fabrics obliterated by grain-
scale fracturing and subsequent comminution (reduce to minute particles) to form suites of
cataclasites (Schultz, 1983). An example of this is illustrated in Photograph A-48, showing
broken, fractured, and structurally altered breccia.

Above the Pulaski fault surface, the broken-formations consist of lesser amounts of folded and
faulted phyllitic mudstones and carbonates of the Rome Formation and Max Meadow type
breccias in a complexly folded and faulted terrain of carbonates of the Elbrook Formation. The
broken formations range from 300 to 500 m thick (Schultz, 1983) and are readily distinguished
from rocks structurally above (fold-and-thrust) and below (footwall rocks of the Saltville sheet)
by:

1. asharp increase in the variability of fold and fault morphology;

2. an increase in the variability of fold styles (greater range of fold plunges and dips of axial
surfaces);

3. alow degree of preferred orientation to macro- and mesocopic structures;
4. asharp increase in fold and fault frequency; and,
5. the presence of Max Meadow-type breccia (Schultz, 1983).

RFAAP is located in the New River Valley, which crosses the Valley and Ridge Province
approximately perpendicular to the regional strike of bedrock, and cross cuts Cambrian and
Ordovician limestone or dolostone. Deep clay-rich residuum is prevalent in areas underlain by
carbonate rocks. The valley is covered by river floodplain and terrace deposits; karst topography
1s dominant throughout the area.

3.3.1 Karst

Karst is a terrain with distinctive hydrology and landforms arising from a combination of high
rock solubility and “aggressive water” producing secondary porosity. Rock solubility alone is
insufficient to produce karst. Rock structure is also important in the formation of karst (Ford and
Williams, 1989). The key to the formation of karst is the development of its subsurface
hydrology. The hydrological cycle is the catalyst in the natural process of karst development.
Soluble rocks with extremely high primary porosity usually have poorly developed karst. Yet,

Radford Army Ammunition Plant
Current Conditions Report
3-8 Dralft



rocks with negligible primary porosity that have later developed a large secondary porosity
support highly developed karst.

The primary feature of karst is the erosion or net removal of aquifer materials by dissolution, or
by dissolution serving as the trigger mechanism for other processes. Most karst systems are of
meteoric origin, circulating groundwater at shallow depths with short residence time
underground.

A permeable zone consisting of the uppermost portion of karstified rocks is the epikarstic zone
(or subcutaneous zone). The epikarst zone has high permeability due to fissuring and diffuse
karstification that is substantially greater than the bulk rock mass below (Klimchouk, 2000). The
ultimate function of the epikarst zone is the storage and concentration of flow while it passes
through the vadose zone to the bulk rock mass below the epikarst. At the base of the epikarst
zone, groundwater flow is focused along a few major fissures. Major tectonic fissures provide
leakage paths from the epikarst zone, and their preferential enlargement occurs from the base of
the zone downward, resulting in hidden shafts. Such shafts are headwaters draining the epikarst
zone above to conduit drainage systems developed deeper in the rock mass (Klimchouk, 2000).

The storage capacity of the epikarst depends on its maturity and on the contrast in hydraulic
conductivity between the epikarst zone and the underlying vadose zone, so this capacity changes
with karst evolution, parent bedrock type, and degree of structural deformation. Storage in the
epikarstic zone results in significant delay in the throughput of percolating water.

Most of the surface features in a karst terrain directly or indirectly originate from the solutional
activity of groundwater. Surface processes triggered by groundwater activity include subsidence
of regolith and loose bedrock blocks into subjacent voids by mass wasting, collapse of cavern
roofs, and accelerated soil erosion due to sharp local relief. The most important process is the
ability of groundwater to erode and transport detrital material (Palmer, 1990).

The evolution of a karst terrain begins with solution conduits forming from influent streams
perched above base level. As the conduits progress headward (upstream), streams are reduced to
a few ephemeral (flowing in direct response to precipitation) streams. The active part of the
valley is the stream valley that continues to erode downward. A great deal of dissolved and
detrital material is carried underground through enlarged openings, as well as in the surface
streams. Some of these valleys can become closed with no surface outlets. Sinkholes form on
the valley floor either by sinking streams or by less concentrated infiltration.

Once the initial solution conduits form, less concentrated infiltration elsewhere in the drainage
basin begins to form sinkholes and tributary conduits. Solutional widening can cause fissures to
grow to considerable size in the bedrock surface; yet there is no surface expression because mass
wasting tends to fill the voids. Where conduits can enlarge enough that underground water can
carry detrital material away do surface expressions develop (Palmer, 1990).

Most large karst depressions originate at least in part by sudden collapse or slow subsidence of
bedrock fragments. The resulting collapse is termed a “collapse sinkhole,” and is generally
steep-walled. Through time, the walls become further eroded and a collapse sinkhole is
indistinguishable from a purely solutional sinkhole (Palmer, 1990). A solutional sinkhole is one
where the overlying soil slowly erodes and is carried into the subsurface.

In fractured and fissured bedrock. percolating water can further erode these cracks in the
bedrock, producing larger pathways for detrital material to be carried through. Where rock is
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highly fractured or fissured, the degree of dissolution of the bedrock is limited by the amount of
water percolating through each individual bedrock opening. As previously discussed, the greater
amount of porosity does not necessarily lend itself to karst as well as a geologic environment
where fewer openings are available. The reason for this is the ability of water to erode bedrock,
even soluble bedrock. As water remains in contact with the bedrock, the water becomes
saturated with calcium carbonate. As the water reaches saturation with respect to calcium
carbonate, its ability to further dissolve rock is halted, unless other geochemical processes (i.e.,
introduction of fresh water or water that is chemically different) are introduced. The intense
fracturing of the bedrock has probably precluded the development of extensive cave systems in

this area because of the extensive faulting and the decreased contact time between water and the
bedrock.

Solution enhanced porosity forms where recharge from the surface is most concentrated. 1t is
capable of transmitting turbulent flow through the aquifer to springs at lower levels. Surface
karst features and subsurface preferential pathways are intimately related. Topography helps to
infer the pattern of groundwater recharge, which in turn, controls the morphology of solution
conduits.

Surface expressions consist of sinkholes that have formed from surface waters percolating
through the surficial soil, unconsolidated overburden and into bedrock fractures. As these
fractures or fissures widen, additional detrital material is carried downward. Other enlarged
solution features such as caves occur in this region, but may be hidden from view by vegetation,
elevation, or are below ground.

3.3.2  Soil Types

The HSA is underlain by the following eight soil types, as mapped by the Soil Conservation
Service (SCS, 1985):

e Braddock Loam

e Carbo-Rock Outcrop Complex

e (otaco Loam

e Fluvaquents

e Lowell Silt Loam

e Rock Outcrop-Newbern-Carbo Complex
e Wheeling Sandy Loam

e  Wumo-Newbemn-Faywood Silt Loam

Figure 3-4 presents the locations of the soil types within the HSA. A description of each soil
type follows.

Braddock Loam. The Braddock Loam comprises about 46% of the HSA. This soil type has a
variable slope between 2% and 30% and does not have a seasonal high water table within 6 ft of
the surface. Typically, the surface layer is dark yellowish-brown, and 7 in. thick. The subsoil,
which is yellowish-red and red clay, extends to a depth of 60 in. or more. Depth to bedrock is
more than 60 in. deep. Permeability of the Braddock Loam soil is moderate, natural fertility is
low, and organic matter content is moderately low. This soil type is acidic or very strongly
acidic.
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Carbo-Rock Outcrop Complex. The Carbo-Rock Outcrop Complex comprises approximately
8% of the surface area of the HSA. This complex consists of strongly sloping to steep soil
(10%—45% slopes) and exposed rock along drainage-ways in irregularly shaped areas. It consists
of approximately 60% Carbo soil, 30% exposed rock, and 10% other soil types. Depth to
bedrock ranges from 20 to 40 in. and this complex does not have a seasonal high water table.

The surface layer of Carbo soil is typically 5 in. thick and is a dark yellowish-brown silty clay
loam. The subsoil is 26 in. thick and consists of strong brown clay. Limestone bedrock is at 31
in. below ground surface (bgs). Soil permeability is slow and runoff is very rapid; available
water capacity is low. Natural fertility is high, while the organic matter content is moderately
low. The soil is slightly acidic to neutral in the surface layer and neutral to mildly alkaline in the
subsoil.

Cotaco Loam. The Cotaco Loam comprises approximately 7% of the soil at the HSA and has a
variable slope between 0 and 15%. The seasonal high water table is at a depth of approximately
2.5 ft. The surface layer is typically a 9-in.-thick layer of brown loam underlain by a 60-in.-thick
subsoil of yellowish-brown loam and clay loam and is mottled. Depth to bedrock is more than
60 in. Permeability of Cotaco soil is moderate, natural fertility is low, organic matter content is
moderately low, and available water capacity is moderate. The permeability of this soil causes a
potential for seepage in landfills.

Fluvaquents. Fluvaquents consist of soil located along the floodplain at the northern boundary
of the HSA and comprise approximately 3% of the HSA. This soil type consists of nearly level
(0-2% slopes), unconsolidated, stratified alluvium with varied texture typically including layers
of gravel. Depth to bedrock is more than 60 in. The seasonal high water table is at or near the
surface. Debris is often deposited on the surface of this soil during flooding. Reaction,
permeability, available water capacity, natural fertility, organic matter content, and other
chemical and physical properties are variable.

Lowell Silt Loam. The Lowell Silt Loam comprises less than 1% of the soil at the HSA. This
soil type consists of gently to steeply sloping (2%-30%) soil located on ridgetops, side slopes,
and on convex side slopes. This soil type does not have a seasonal high water table within 6 ft of
the surface.

The surface layer is typically dark yellowish-brown silt loam 11 in. thick and is underlain by a
27-in.-thick subsoil consisting of dominantly strong brown and reddish yellow silty clay and
clay. The substratum is yellowish-brown shaly silt loam to a depth of 60 in. or more. Bedrock is
at a depth of at least 40 in. bgs. Permeability of this soil is moderately slow and runoff is rapid;
available water capacity is moderate. Reaction in this soil ranges from very strongly acidic to
mildly alkaline. Natural fertility is high and organic matter content is moderately low.

Rock Outcrop-Newbern-Carbo Complex. The Rock Outcrop-Newbern-Carbo Complex
comprises nearly 4% of the surface area of the HSA and consists of steep and very steep soil
(30%—65% slopes) and rock outcrops. It is found on narrow side slopes along drainage-ways
and ravines. This complex consists of approximately 50% rock outcrop, 25% Newbern soil,
20% Carbo soil, and 5% other soil. Depth to bedrock ranges from 10 to 20 in. in the Newbern
soil and 20 to 40 in. in the Carbo soil. These soil types do not have a seasonal high water table.
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Newbern soil generally has a 7-in.-thick surface layer of yellowish-brown silt loam underlain by
an 8-in.-thick subsoil of brownish-yellow shaly silty clay loam. Unconsolidated shale is at a
depth of 15 in. bgs, and hard shale is at a depth of 19 in. bgs.

Carbo soil typically has a 5-in.-thick surface layer of dark yellowish-brown silty clay loam
underlain by a 26-in.-thick subsoil of strong brown clay. Limestone bedrock is at a depth of 31
in. Permeability varies from moderate to slow, and runoff is rapid to very rapid with a low
available water capacity. Organic matter content is moderately low, and natural fertility is high.
The surface layer and the upper part of the subsoil are slightly acidic or neutral, and the lower
part of subsoil is neutral or moderately alkaline.

Wheeling Sandy Loam. The Wheeling Sandy Loam comprises approximately 25% of the HSA
soil and is level to nearly level (slopes ranging from 0 to 2%). The seasonal high water table is
not within 6 ft of the surface.

Typically, the surface layer is a 10-in.-thick, dark brown sandy loam underlain by at least 42 in.
of subsoil. The upper part of the subsoil is dark brown gravely sandy loam to a depth of 60 in. or
more. At greater than 60 in. in depth, the soil is predominantly a mixture of silt and sand, with
minor amounts of clay. Depth to bedrock is at least 60 in. bgs. Permeability and available water
capacity of Wheeling soil is moderate; surface runoff is slow. Natural fertility is medium,
organic matter content is moderately low, and soil is moderately to strongly acidic. Potential for
erosion in this soil type is slight.

Wurno-Newbern-Faywood Silt Loams. The Wurmo-Newbern-Faywood silt loams comprise
approximately 6 percent of the soil at the HSA. This soil type consists of moderately steep to
steep soil (7%-30%) that does not have a seasonal high water table. Bedrock is at a depth of 20
to 40 in. in the Wurno and Faywood soil types and 10 to 20 in. in the Newbemn soil. This unit is
highly intermingled and consists of approximately 35% Wurno, 30% Newbern, 25% Faywood,
and 10% other soil types.

Wurno soil typically has a surface layer of yellowish-brown silt loam 8 in. thick underlain by a
6-in.-thick subsoil of brownish-yellow very shaly, silty clay loam. The substratum is partially
weathered shale 13 in. thick. Bedrock is at a depth of 27 in. bgs. Permeability is moderate and
runoff is rapid; available water capacity is very low. Reaction ranges from slightly acid to
mildly alkaline.

Newbern soil generally has a 5-in.-thick surface layer of yellowish-brown silt loam underlain by
an 8-in.-thick subsoil of brownish-yellow shaly silt loam. The substratum is 5 in. thick and
consists of brownish-yellow shale and silt loam. Bedrock is at a depth of 18 in. bgs.
Permeability of the Newbem soil is moderate, and runoff is medium to rapid; available water
capacity is very low. Reaction ranges from slightly acid to mildly alkaline.

Typically, Faywood soil has a 10-in.-thick surface layer of yellowish-brown silt loam and an 18-
in.-thick subsoil. The upper part of the subsoil consists of yellowish-brown silty clay. Depth to
bedrock is 18 in. bgs. Permeability of the Faywood soil is moderately slow and runoff is
medium to rapid; available water capacity is low. Natural fertility is high and organic matter
content is moderate. Reaction of the soil ranges from neutral to strongly acidic throughout.
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34 HYDROGEOLOGY
3.4.1 Regional Hydrogeology

Geologically, the Appalachian Plateaus and Valley and Ridge Province encompass two major
tectonic domains: the southern Appalachian Basin and the southeastern part of the Eastern
Interior Basin. The hydrogeologic framework is based on generalized stratigraphic succession,
with indurated (or hardened by pressure, cementation, or heat) sedimentary rocks of Paleozoic
age forming predominant units.

Compared to the more prolific regional aquifers of North America, aquifers in this region
typically yield less water to domestic wells. Although some aquifers in this region are highly
permeable and porous on a local or intermediate scale, few are permeable on a regional scale.

Groundwater flow paths are typically short, commonly extending no more than several miles in
their longest dimensions. Because permeability in most of the indurated Paleozoic rocks is
secondary, it decreases with depth. Thus, most of the active dynamic flow systems are formed
within about ~330 ft of land surface where permeability is greatest.

Structurally, the Valley and Ridge Province has been intensely deformed. Sedimentary rocks
have been tilted and faulted into a series of disharmonic sheets thrust from several miles to
several tens of miles west or northwestward. The northern Valley and Ridge Province is
dominated by folding, whereas the southern part is dominated by thrust faulting.

The topography of this region is characterized by a sequence of ridges and valleys controlled by
the structural and weathering characteristics of the different lithologies. The ridges are generally
underlain by folded and faulted resistant rocks such as sandstones, cherty limestones, dolostones,
and conglomerates and the valleys are generally underlain by nonresistant rocks, such as
limestone and shale.

The schematic of groundwater occurrence in the Valley and Ridge Province is depicted on
Figure 3-5. The repeating lithologies, combined with dip-oriented streams, effectively
compartmentalize most of the groundwater flow into adjacent, but isolated, shallow flow
systems. Most groundwater flow is from a ridge to a valley until the water either discharges
directly to local streams or is intercepted and routed along a strike by a highly permeable layer or
zone. These highly permeable layers or zones are coarse-grained carbonate rocks with well-
developed secondary permeability or are permeable fracture zones that act as collectors or
conduits. The flow components that occur along bedrock strike commonly discharge to a spring
or a master drain in the valley (Parizek et al., 1971).

The largest groundwater supplies are produced from the carbonate rocks, especially where they
are associated with thick regolith (fragmented and unconsolidated material), an important storage
reservoir throughout the entire area. The regolith stores recharge that would otherwise rapidly
diverted to overland flow. It also slowly releases water to underlying carbonate aquifers.
Regolith in conjunction with a mature epikarstic zone provides a large storage component to the
local and regional groundwater system. Because of the widespread distribution of carbonate
rocks and associated regolith, abundant precipitation in a humid climate, and relatively steep
hydraulic gradients, this region (and locally) is one of the major karstlands in the eastern United
States.

Another major influence on the hydrogeology is the surface drainage network. In the Valley and
Ridge Province, endogenic influences affect the length, distribution, and pattern of surface
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streams and rivers. Endogenic influences include structure, lithology, and past and present
tectonics (Mills et al., 1987). The longitudinal profiles of streams are strongly affected by the
lithologies over which the stream flows, especially the characteristics of the bed material
supplied by the bedrock. Incised valley meanders have been shown to be longer and wider in
shaly than nonshaly meanders (Mills et al., 1987). Drainage-basin geometry and stream-network
topography are affected by dip direction and angle. Many water and wind gaps appear to be
localized by particular structural and lithologic features.

Lithology can affect topography indirectly by transported regolith; clasts weathered from
resistant bedrock may be moved downstream or downslope onto adjacent areas underlain by
nonresistant bedrock, where they affect topography evolution. Conversely, mountain ridges that
are capped with resistant bedrock produce large boulders that move down into the valley,
forming shallow, asymmetrical hollows. Mountain ridges that are capped by nonresistant
bedrock or thin-bedded bedrock do not produce large boulders, and the hollows and valleys
become deeply incised. This is particularly evident in the Valley and Ridge Province.

Many of the larger rivers and streams in the Valley and Ridge Province cross resistant bedrock
and forms water and wind gaps. Recent studies have shown that these gaps may result from one
or a combination of the following features:

1. dying out of folds over a short distance;
2. steep dip and narrow width of outcrop resistant strata; and,
3. folding that was more intense than in the surrounding rock (Mills et al., 1987).

The dip of the bedrock also influences the drainage basin. Shallow dipping bedrock exhibits
larger drainage basins than does steeply dipping bedrock. Stream elevation was found to be
dependent upon bedrock lithology. Streams or rivers crossing more resistant bedrock tend to be
higher in elevation and have steeper gradients than streams or rivers crossing nonresistant
bedrock. A classic example is the elevation of the Tennessee River in contrast to the New River.
The Tennessee River crosses over nonresistant shale and carbonate rocks in low, broad valleys,
whereas, the New River crosses over resistant sandstone rock over much of its course, is higher
topographically, and has steeper gradients.

The entrenchment of these major rivers influences the base flow of the aquifers. As the river
downcuts, through erosion or from tectonic activity, the aquifer level will also change. For
example, if the topography rises as a result of tectonic uplift, the gradient in the river increases
and induces further downcutting. Likewise, the gradients are increased in the aquifer causing
additional mechanical and chemical erosion to occur within the aquifer. The carbonate rock
units that are found in valleys become more eroded. Carbonates weather out along bedding
planes and fissures, developing secondary porosity. As downcutting continues, relict (remnant)
caverns are left high and dry.

Groundwater supplies in the Valley and Ridge Province are generally of good quality compared
to surface water supplies (Parsons, 1996). However, due to extended contact with minerals,
many groundwater supplies contain higher levels of dissolved solids than the streams into which
they discharge. Because of the sinkholes and underground caverns in karst aquifers, there is a
high potential for groundwater to be impacted by direct infiltration of contaminated surface
water.
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3.4.2 Local Hydrogeology

Hydrogeologic conditions at the HSA are not well characterized. The bedrock geology is
complex due to intense deformation which resulted in intensely folded, faulted, and fissured
bedrock. Groundwater is found in two types of aquifers: unconsolidated sediments and bedrock.
The groundwater within unconsolidated sediments is generally found adjacent to rivers and
streams in larger quantities. Other less abundant sources of water are found in these sediments in
upland areas. The groundwater in the upland terrace deposits are generally localized or
contained in perched zones (unconfined groundwater separated from the main aquifer by
unsaturated rock or unconsolidated material).

Groundwater found within carbonate bedrock resides in fissures, bedding planes, and in
intergranular porosity. Because the carbonate rocks are highly susceptible to karstification, the
fissures and bedding planes can become enlarged through dissolution of the carbonate rock.
Additionally, given favorable conditions, caves and cavernous porosity can form creating large
areas for water storage and transmission.

The limestone and dolostone underlying RFAAP is fractured, folded, and faulted as a result of
Paleozoic deformation (Figure 3-6). Topographic maps of RFAAP show evidence of solution
features (sinkholes) oriented along photolineaments or fissures shown in brown in Figure 3-7.
During a photo geologic study completed by the U.S. Environmental Protection Agency’s
(USEPA) Environmental Photographic Interpretation Center (EPIC), in 1992, another 75 to 100
potential sinkholes where identified and are shown in brown in Figure 3-7 (Engineering-
Science, 1994). These sinkholes may be obscured by development at this time. However, there
is a significant potential for movement of water through these features.

Several borings and groundwater monitoring locations within the HSA indicate that the water
table within the floodplain is at approximately the same elevation as the surface water of the
New River. These conditions also exist in the MMA floodplain. In areas of high elevation
within the HSA and MMA, the water table is extremely variable.

Groundwater monitoring wells are sparsely located throughout the Installation area resulting in
an incomplete depiction of the water table in this area. Most of the existing wells are situated
around various Solid Waste Management Units (SWMUSs) and, therefore, these discrete areas
have meaningful groundwater contour maps.

Groundwater levels in the bedrock aquifer generally respond to heavy precipitation within
approximately 14 hours and may rise several feet in a short time (Engineering-Science, 1994).
This situation demonstrates that the karst aquifer underlying RFAAP is characterized primarily
by rapid flow conditions (fractures or conduit flow) and illustrates a direct connection between
recharge inputs to the groundwater and surface water that could impact the quality of
groundwater for domestic use. This rapid response was reportedly observed throughout RFAAP
(Engineering-Science, 1994), especially in areas where surface water infiltrates through
sinkholes. It is not known whether these results were extrapolated from a few, high specific
capacity wells or defined by a pre- and post-storm water level survey.

Storm water typically flows to the bottom of sinkholes and rapidly travels downward through the
overlying unconsolidated sediments into the unconfined aquifer. The New River appears to be
the discharge area for groundwater at the HSA, as well as for regional groundwater. Open
tractures and karst structures beneath the soil mantle, coupled with the relatively low elevation of
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the New River (1,680 ft msl), provide accessible conduits for groundwater flow, thereby rapidly
draining the overlying, less permeable overburden (Charles T. Main of Virginia, 1988).

It is not completely understood how the Pulaski Fault, present at the facility, affects groundwater
movement. The fault is not a simple planar feature, but rather a zone of regional deformation. In
some areas, the location of the fault surface can be identified by the presence of lithologic
unconformities. However, at RFAAP and most other localities, the proximity of the fault surface
is generally indicated by the abundance of the Max Meadow Breccia. The breccias are found
along the entire strike of the Pulaski fault, along the fault surface, and well above the base of the
fault surface. The breccias occur as either "autobreccia” or "tectonic breccia” (Schultz, 1986).
The autobreccia is highly fractured, thin-bedded dolomite with literally thousands of intersecting
extension fractures. Bedding has been extended in several directions, while the clasts have not.
Tectonic breccia consists of clasts that have undergone rotation and size reduction within a
continuously deformed matrix of fine-grained dolomite. These breccias are found as large thick
masses or as intruded dikes of breccia. With the highly variable nature of the breccia, it is
difficult to interpret how the Pulaski fault or other faults and their associated breccia formations
affect groundwater movement.

A dye-trace study conducted by Engineering-Science, Inc. (May 1994), identified a specific flow
path connecting injection point 1 in SWMU 17 to a spring (SPG 3) in the New River. This flow
path direction closely parallels a series of west-northwest trending fracture traces, which are
shown in Figure 3-7. This flow path also acts as a direct conduit for groundwater migration.
This pathway was most likely created by solution openings along subsurface fractures, bedding
planes, or both. A second injection point (INJ2) was also located in SWMU 17. INJ2 was
installed near an area where water ponded in the sinkhole, suggesting poor drainage in this area.
Dye from this injection point was not detected in any of the monitoring locations.

Water levels from 91 monitoring wells throughout RFAAP were measured during a sampling
event at the facility in the first quarter of 1995. Parson’s (1996) used these data to develop a
facility-wide groundwater contour map. Some wells at the facility displayed unusually shallow
or deep water levels compared with other nearby wells. These wells possibly intercepted
perched groundwater zones or were influenced by fissures or karst features, such as sinkholes,
enlarged fractures, or conduits, which exert a strong local influence and are not reflective of the
overall unconftined water table. The groundwater gradient is generally towards the New River
and away from areas of higher elevation. The groundwater gradient interpreted by Parsons used
incompatible data sets (i.e., Parsons did not separate the shallow, deep alluvial, or bedrock wells)
in their interpretation development. Therefore, this interpretation is not reflective of the actual
conditions and may be misleading. Groundwater contour maps for the bedrock wells and the
unconsolidated wells were constructed using data collected for this investigation at the HSA and
are presented in Section 4.

3.4.3 Groundwater Usage

Private and public groundwater wells in the vicinity of RFAAP are used for drinking water and
other domestic and agricultural purposes. A document search to identify private water well use
within one mile of the REAAP property line was conducted as part of the Resource Conservation
and Recovery Act (RCRA) Facility Investigation (RFI) (Parsons, 1996) to assess the extent of
private water well use in this area.' Between September 1, 1990 and the Parsons RFI, a total of

'New River Health District: personal communication, 1995.
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36 property owners living within one mile of REAAP have applied for a permit through the
appropriate County Health Department to construct individual water supply wells. These
property owners primarily reside in the River Bluffs subdivision (along Gate Ten Road in
Pulaski County) and in the areas of Prices Fork, Longshop, and McCoy in Montgomery County.
Information on the names and addresses of the property owners is presented in Parsons, 1996
Appendix B). Before September 1, 1990, property owners were not required to obtain Health
Department approval prior to well installation. Therefore, it is estimated that 50% or more of the
existing residents within 1 mi of RFAAP have private water supplies (e.g., cisterns, springs,
wells, etc.) for which the Health Department has no record.

In addition to private water supply wells in the vicinity of RFAAP, 14 public water supply wells
were identified within 3 mi of the RFAAP boundary. Public water supply wells service more
than 15 homes and are regulated through the Virginia State Department of Health.

For domestic purposes, most residents in the vicinity of RFAAP utilize surface water supplied
primarily by the water treatment plant at Claytor Dam. Areas on public water include the City of
Radford, Fairlawn, and properties along Route 114 in Montgomery County.

Two groundwater supply wells are present at the facility. One of the supply wells is located in
the HSA, just northeast of SWMU 32 and east of SWMU 39. It was reported by an Installation
representative that the well has been abandoned and is now in caretaker status. The well
reportedly supplied water for fire suppression and human consumption. The other supply well is
located in the MMA, near Building 450, south of SWMU 43 and northeast of SWMU 41 (Figure
3-7).

3.5 SURFACE WATER HYDROLOGY

This section was excerpted from the RFI prepared by Parsons (Parsons, 1996). The New River
is the most significant surface water feature within RFAAP. It is perhaps the oldest river in
North America, estimated to be 350 million years old. The facility is built within and adjacent to
a prominent meander loop of the river. Within RFAAP, the river width varies from 200 to 1,000
ft, but averages approximately 400 ft. The river flow varies due to water management at Claytor
Dam, approximately 9 mi upgradient (south) of the facility. Downstream from Claytor Dam, the
New River typical flows range between 3,200 and 8,000 million gallons per day (MGD). During
average flow conditions, the depth is approximately 4 to 6 ft; however, pools may be up to 10 ft
deep. There are 13 mi of river shoreline within the RFAAP boundaries.

The headwaters of the New River begin in northwestern North Carolina, near the Tennessee state
line. In the vicinity of RFAAP, the New River flows towards the northwest, cutting cliffs
through the bedrock. The path of the New River, which is generally perpendicular to the
ridgelines of the Valley and Ridge Province, indicates that the river existed prior to the Paleozoic
folding of these rocks. During the Paleozoic, the erosion rate of the river was higher than the
uplift rate of the rocks, resulting in the entrenched river channel present today.

Stroubles Creek is the largest local tributary of the New River and flows through the southeast
sector of RFAAP and can be seen in the lower right corner of Figure 3-7. The creek is fed by
several branches, which originate on and off the facility. Flow within Stroubles Creek and its
tributaries consist primarily of stormwater runoff. Groundwater discharging from the karst

bedrock may also supply significant stream flow. Manmade surface drainage ways at RFAAP
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also influence local drainage. The direction of surface drainage flow within the facility is
ultimately toward the New River.

Before entering the facility, branches of Stroubles Creek flow through rural areas and through
the town of Blacksburg. Consequently, where the creek empties into the New River within
RFAAP, it contributes significant loading of domestic and industrial wastewater (USEPA, 1987).
The Blacksburg Municipal Wastewater Treatment Plant (WWTP) discharges approximately 5.7
MGD2 of water into the New River just upstream from where Stroubles Creek empties into the
river.

Both industrial and domestic wastewaters are discharged into the New River from Peppers Ferry
WWTP. This discharge is located within RFAAP, across the river from Intake #1. Until 1987,
the city of Radford provided primary sewage treatment before discharging 2.5 MGD into the
New River (USATHAMA, 1976). Secondary treatment is now provided at the Peppers Ferry
WWTP. The plant currently discharges approximately 4.5 MGD of water into the New River.’

RFAAP discharges approximately 25 MGD at 15 industrial wastewater outfalls along the New
River and Stroubles Creek under Virginia Pollutant Discharge Elimination System (VPDES)
permit number VA0000248. The effluent consists of various treated process water, wash water,
cooling water, runoff, sanitary wastewater, and stormwater. There have been several outfalls
identified at RFAAP discharging to either the New River or Stroubles Creek from the MMA and
HSA. These outfalls discharge stormwater, spring-fed groundwater, and minor amounts of
steam condensate.

The Commonwealth of Virginia has classified Stroubles Creek and the portion of the New River
passing through the boundaries of RFAAP as water generally satisfactory for beneficial uses
including public or municipal water supply, secondary contact recreation, and propagation of fish
and aquatic life (USEPA, 1987). Water used at RFAAP is taken from the New River. Separate
water systems are provided for the MMA and the HSA. Intake #1 is located approximately 2 mi
upstream from the mouth of Stroubles Creek. Intake #2 is located approximately 6 mi
downstream from the mouth of Stroubles Creek. Upstream from RFAAP, the New River serves
as a source of drinking water for the towns of Blacksburg and Christiansburg.

The New River has experienced few major problems from the discharge of either treated or
untreated effluent. The ability of the river to recover from organic loading is generally high
because of the river’s natural re-aeration characteristics, high base flow, and the present quality
and quantity of waste discharge.

The upper reaches of the New River and its tributaries generally have water of good quality.
These streams have less than 50 parts per million (ppm) of dissolved solids due to the underlying
clastic (non-carbonate) metamorphic rocks, which contribute very little to water chemistry. In
the vicinity of the study region, dissolved solids are in the range of 50-199 ppm as water drains
from areas underlain by shale, sandstone, and dolostone formations. Where carbonate rocks
occur, the bicarbonate content of the water is particularly high (100-199 ppm of CaCOs3). These
conditions are typically found in the waters of Walker Creek, Sinking Creek, Wolf Creek, and
the New River downgradient of RFAAP.

’R. Graham, Peppers Ferry Wastewater Treatment Plant; personal communication, 1995.
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3.6 GEOLOGIC AND HYDROGEOLOGIC DATA REVIEW

Published geologic and hydrogeologic data were reviewed and a literature search was initiated to
obtain and compile information on the geology, hydrogeology, groundwater analytical data, and
other relevant data available for the facility and region. Professional papers, geologic maps,
graduate theses, and previous site reports pertaining to local and regional geology and
hydrogeology were acquired and reviewed. Relevant information from these sources was used to
develop an understanding of site current conditions.

Aerial photography, infrared (thermal) photography, and topographic maps were reviewed to aid
in identifying the locations of springs, fracture traces, faults, karst features (i.e., sinkholes), and
other pertinent geologic information that could be interpreted from these media for the Radford,
Blacksburg, and RFAAP area. A thermal map of the site was used to identify potential springs,
while the aerial photographs and topographic maps were useful in locating lineaments, fracture
traces, faults, bedding plane orientations, and karst features. Karst features, such as sinkholes,
were identified by circular expressions on the topographic maps and aerial photographs.

3.6.1  Aerial Photographs

Aerial photographs and U.S. Geological Survey (USGS) topographic quadrangle maps (Radford
North and Blacksburg) were obtained to locate and map photogeologic signatures such as soil-
tonal variations, vegetation and topographic alignments, bedding planes, sinkholes, and other
geologic structures. In karst terrains, such features are significant because karstification creates
preferential flow paths along bedding planes and fissures. This study did not attempt to
differentiate between fissures or faults unless field data supported the photointerpretation.

The study area for the photolineament analysis encompassed the Radford North and the western
half of the Blacksburg, USGS Quadrangle. These two quadrangles are represented on Figure
3-6 (in map pocket, located at the end of this section), along with the photolineament trace
analysis features. Archival black-and-white photos were acquired for the photolineament
analysis from the imagery libraries of the National Archives and Records Administration
(NARS, 1937), U.S. Department of Agriculture (USDA, 1962), and the Virginia Department of
Transportation (VDOT, 1981). The 1937 photos were of particular value since they predated the
development of the facility. Results from the photolineament study are incorporated into the

~ discussion of groundwater flow pathways in Section 5.0 — Current Conditions.

3.6.2 Thermal Flyover Survey

Sensytec, Inc. performed a site-specific airborne thermal infrared survey of RFAAP on January
14, 2000, between the hours of 1824 and 1910. The thermal flyover was performed to identify
potential springs in the area. A thermal flyover, when performed during extreme contrasts in
surface water temperature and spring resurgence (upwelling) temperature, can be useful in
identifying springs. The data were acquired under clear sky conditions with relatively calm
winds aloft. The thermal infrared data were collected using a flight plan that extended %2 mi
beyond each boundary on five flight lines to provide full coverage of the MMA.

Five tlight lines spaced at 3,280 ft intervals were plotted during the flyover as presented on
Figure 3-8. The flight commenced at line 5, heading 270°, at an altitude of 4,350 ft above msl
(approximately 2,600 ft above average terrain elevation at the Installation). Data were collected
using an airborne multispectral scanner capable of detecting 0.1 degrees Celsius (°C) normal
terrain temperature. Upon flight completion, data were corrected for vertical/horizontal and scan
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distortions. Thumbnail prints of each flight line were then used to evaluate anomalies associated
with spring and seep resurgence.

The thermal infrared imaging identified a small area near SWMU 39, which includes a group of
eight springs: S122-S128 and S150 (Figure 3-9). However, during ground-truthing many more
springs were identified. There are two reasons for this discrepancy. First, most of the springs
were easily masked over by the high river levels at the time of the flyover. There is a time lag
for water flow of about 3 hours over approximately fourteen river miles between the Radford
USGS gauging station and RFAAP Water Intake #2 gauging station. The lag time is slightly less
for the nine miles between the USGS Gauge and the New River Bridge Gauging Station (Figure
3-10). The lag time varies with changes in the amount of water released from the dam between 2
to 4 hours. Between the hours of 1500 and 2000 on 14 January 2000, the New River flow rate
was approximately 3,500-4,900 cubic feet per second (cfs) at the Radford USGS gauging
station. Most of the springs that were located during the ground-truthing spring survey
reconnaissance were observed during lower river levels when the New River flow rates were less
than 1,000 cfs at the Radford USGS gauging station. Secondly, most of the springs have very
low discharge rates of 30 gallons per minute (gpm) or less (Table 3-2); these springs may be
indistinguishable on a thermal flyover map even with New River flow rates of less than 1,000
cfs. A number of springs were expected to be found using this thermal technique, however, with
the diffuse spring discharge observed from the field reconnaissance and the high flow conditions
of the river a single spring was detected using the thermal images, and this spring was identified
in previous investigations. Additionally, the contrast between spring and river temperature
ranged from 2 to 10°C. This difference in temperatures should have been identified on the
thermal image; however, no actual field temperatures were collected prior to the thermal flyover
for calibration purposes.

3.7 FIELD MAPPING OF GEOLOGIC FEATURES (STRUCTURAL GEOLOGY,
KARST, FRACTURE TRACES)

Geologic structure, lithology, and stratigraphy represent the primary considerations when
modeling or characterizing groundwater or contaminant movement through an anisotropic,
heterogeneous aquifer. In certain bedrock aquifers, groundwater is stored and transmitted
through secondary openings (e.g., fissures) in the bedrock. Major fissures and zones of
fracturing can act as preferential pathways for groundwater flow, increasing flow rates, and in
some cases, redirecting flow away from the “expected” flow direction. Monitoring wells located
along a fracture trace or, more importantly, at the intersection of two fracture traces, should
produce higher yields and give a more accurate indication of groundwater conditions around a
site than randomly placed wells. These fractures are of particular environmental concern
because they represent pathways through which contaminants may enter and move through an
aquifer.
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Figure 3-10
Two Day Comparison of Lag Time Between the Claytor Dam Discharge, the USGS Radford Gauging Station,
RFAAP New River Bridge and Intake #2 Gauging Stations

— - - — USGS Radford Gage Height ~~ eee--- RFAAP New River Bridge Gage Height
— - — - RFAAP Water Intake #2 Gage Height

Claytor Dam Discharge

Note: Claytor Dam is approximately 5 3/4 miles upstream from the Radford Gauging Station. The USGS Radford Gage is
approximately 9 river miles from the New River Bridge Gage and 14 river miles from the Water intake #2 Gage.
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Table 3-2

Spring and River Water Quality Data

Station Name Genel.'al Date |Time| pH Temp.{ DO |Turb.| Cond. [Est. Flow| Est. Flow
Location (°C) | (mg/L) (NTU)| (uS/cm) (cfs) (gpm)
Seep 1 Driftwood Seep SWMU 13 3/27/00 {0932 6.10| 103 | 10.25 2 161 — —
R-1 — SWMU 13 3/27/00 10920{5.70( 10.3 | 10.90 1 146 — —
R-2 — SWMU 13 3/27/00 | 0942 [6.28] 104 | 10.83 1 131 — —
Seep 2 — SWMU 13 | 3/27/00 | 0950 |6.47] 10.0 | 10.44 3 205 — —
R3 — SWMU 13 3/27/00 1 0957 16.81| 104 | 11.01 1 129 — —
R4 — SWMU 13 3/27/00 | 1017 [6.671 104 | 10.96 2 121 — —
IR-5 — SWMU 13 3/27/00 | 1035 [6.57| 104 | 10.20 3 130 — —
-6 — SWMU 13 3/27/00 | 1044 [6.88| 10.5 | 10.80 4 135 — —
R-1° — SWMU 13 3/27/00 | 1240 {6.55| 109 | 10.96 8 122 — —
R-7 — East HSA 3/27/00 [ 1259 [6.61 10.6 | 10.79 5 120 — —
R-8 — East HSA 3/27/00 | 1312 16.70( 10.6 | 10.89 7 119 — —
R-9 — NE HSA 3/27/00 | 1343 1644} 106 | 10.57 6 120 — —
R-10 — NE HSA 3/27/00 11352 16.96| 10.6 | 10.55 7 117 — —
IR-11 — NE HSA 3/27/00 | 1412 [{6.75] 10.5 10.06 9 116 — —
R-12 — NE HSA 3/27/00 | 14191673 | 109 | 10.19 9 121 — —
R-13 — NE HSA 3/27/00 | 14201697 | 105 | 10.72 8 115 — —
R-14 — North HSA 3/27/00 | 1501 1698 10.5 10.69 7 115 — —
R-15 — North HSA 3/27/00 | 1513 [6.69] 105 10.49 8 115 — —
S-125 Knarly Sp Big Island 3/27/00 | 1522 16.80} 127 | 5.57 3 332 — —
R-16" — Big Island 3/27/00 | 1525677 12.7 5.61 2 326 — —
-16° — Big Island 3/27/00 | 1527 16.80) 10.6 | 10.55 6 117 — —
IR-17 — Big Island 3/27/00 | 1603 16.80| 10.6 | 10.45 7 117 — —
IR-18 — NW HSA 3/27/00 | 1633 16.82| 10.6 | 10.70 8 114 — —
R-19 — Intake #2 3/27/00 [ 1649 [7.00] 10.6 | 10.57 7 112 — —
R-20 — West HSA 3/27/00 [ 1712 [6.73] 10.6 | 10.60 7 111 — —
R-21 — Property Line | 3/27/00 | 1730 16.83| 10.6 | 10.53 6 111 — —
R-22 — Property Line | 3/27/00 | 1743 16.79| 10.6 | 10.57 4 112 — —
S-136 Parson's Sp 3 RR Bridge 3/28/00 | 1550 |6.45 | ‘12.4 7.77 2 696 — —
R-23 — RR Bridge 3/28/00 | 1553 {697 11.3 | 10.70 | 23 102 — —
S-134 RR Sp RR Bridge 3/28/00 | 1607 [ 6.751 12.2 9.78 0 430 — —
IR-24 — South HSA 4/17/00 {1153 17.33} 12.0 9.65 -10 110 — —
R-25 — South HSA 4/17/00 | 1442 |7.73| 12.2 941 -10 96 — —
R-26 — South HSA 4/17/00 {1500 }7.74]| 12.6 8.39 0 109 — —
S-134 RR Sp RR Bridge 5/9/00 1002 |7.59| 14.6 — 1 .566 — —
R-36 — RR Bridge 5/9/00 [ 1005 — | 143 8.95 0 103 — —
R-27 — RR Bridge 5/9/00 | 1405 [8.41| 164 | 11.13 5 96 — —
S-153 Property Line Sp Property Line | 5/10/00 | 0935{796| 13.2 6.75 39 296 — —
S-101 Washing Machine Sp | West of HSA 110/24/00 | 1500 [5.60¢ 13.9 — — 820 | 0.0125 5.60
S-102 Square Box Sp Property Line | 10/24/00 | 1506 15.68 | 13.5 6.09 0 678 0.020 8.96
R-37 — RR Bridge 10/24/00 | 1515 |6.82| 16.7 9.93 0 187 —
S-103 Shelter Sp Property Line | 10/24/00 | 1522 | 6.82 | ‘14.2 6.79 0 505 0.110 49.28
S-104 Warning Sp Property Line | 10/24/00 | 1535 16.92} 13.9 5.03 0 435 0.070 31.36
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Table 3-2 (Continued)
Spring and River Water Quality Data

. General . Temp.| DO |Turb.] Cond. [Est. Flow| Est. Flow

Station Name Location Date |Time| pH © C;) (mg/L) [(NTU)| (uS/cm) (cfs) (gpm)
S-105 Base of Root Sp Property Line [ 10/24/00{ 1543 | 6.62 | .14.2 539 | — | 411 | 0.025 11.20
S-106 Too Low to Measure Sp| Property Line | 10/24/00] 1552 | — — — — — <0.01 <4.48
R-28 — Property Line | 10/24/00 | 1555 | 7.18] 16.8 10.81 0 181 — —
S-107 Dual Concrete Pipe Sp | Property Line | 10/24/00 [ 1559 [ 6.41} 14.6 | 7.94 0 2521 0375 168.00
S5-108 Small Seep Sp Property Line | 10/24/00 | 1606 | — — — — — <0.01 <4.48
S-109 Fallen Tree Seep Water Intake #2 | 10/24/00 | 1624 | — — — — — <0.01 <4.48
S-110 Spare Tire Sp Water Intake #2 | 10/24/00 | 1630 | — — — — — <0.01 <4.48
S-111 Twin Oak Sp Water Intake #2 | 10/24/00 | 1635 |6.41| 18.0 340 0 204 <0.01 <4.48
R-29 — Water Intake #2 | 10/24/00 | 1638 {7.30( 17.1 11.06 0 179 — —
S-112 Woodchuck Hole Sp | Water Intake #2 | 10/24/00 | 1641 {6.93| 183 3.80 46 207 - 0.040 17.92
S-113 Qutfall Sp Water Intake #2 | 10/24/00 | 1649 [ 6.40| 19.0 415 | — 175 0.080 35.84
S-114 Pea Gravel Sp Water Intake #2 | 10/24/00 | 1655 [6.80} 17.6 4.69 — 1+ 214 0.010 4.48
S-115 Outfall Seep Water Intake #2 | 10/24/00 [ 1700 | — — — — — <0.01 <4.48
S-116 Smoke Stack Sp Water Intake #2 | 10/24/00 | 1705 [6.65| 18.3 | 2.55 — 224 <0.01 <4.48
S-117 Algae Sp Water Intake #2 | 10/24/00 | 1706 | — — — — — <0.01 <4.48
S-118 Erosion Stop Sp Water Intake #2 | 10/24/00 | 1708 {6.53 1 16.4 7.50 — 266 <0.01 <4.48
R-30 — Water Intake #2 | 10/24/00 | 1711 [7.68} 17.1 13.70 — 179 — —
S-119 Twin Stake Sp Water Intake #2 | 10/24/00 { 1714 | — — — — — <0.01 <4.48
3-120 River Bend Sp NE HSA 10/25/00 1 1020 |5.83 | 12.8 3.05 — 481 0.050 22.40
S-121 Bent Tree Seep NE HSA 10/25/00 | 1145 | — — — — — <0.01 <4.48
R-31 — Big Island 10/25/00 | 1148 {7.66] 17.2 11.37 — 173 — —
S-122 Near Big Island Pt Sp Big Island 10/25/00 | 1208 | — — — — — <0.01 <4.48
S-123 Tree and Tie Sp Big Island 10/25/00 | 1215 {1 6.30| 14.8 1.67 | — 363 - 0.500 224.00
S-124 No Trespassing Sign Sp Big Island 10/25/00 | 1224 [6.25 | 14.8 155 | — 362 0.020 8.96
S-125 Knarly Sp Big Island 10/25/00 | 1232 | 6.881 15.1 | 2.86 — 359 0.200 89.60

-126 Upwelling Sp Big Island 10/25/00 | 1236 | 6.60 } 151 1.67 — 358 1.000 448.00
R-32 — NE HSA 10/25/00 {1 1242 16.76| 17.0 | 10.04 — 176 — —
S-127 Hidden Seep Big Island 10/25/00 | 1248 | — — — — — <0.01 <4.48
S-128 Deer Head Seep Big Island 10/25/00 | 1255 | — — — — — <0.01 <4.48
S-129 Strike Sp W Small Island | 10/25/00 { 1310 | 6.20 | 14.5 — — 843 0.000 0.00
5-130 Muck Sp W Small Island | 10/25/00 | 1342 | — — — — — <0.01 <4.48
S-131 Salamander Seep W Small Island | 10/25/00 1 1349 | — — — — — <0.01 <4.48
S-132 HWMU 16 Sp HWMU 16 10/25/00 | 1610 | 6.16 | 13.8 5.76 — 471 0.250 112.00
SS01 Sewage Tr Outfall #1 South HSA ] 10/26/00 | 1152 [7.15| 20.5 1000 | — 2,670 — —
S-133 Duckweed Seep South HSA 10/26/00 | 1337 | — | 17.5 — — 169 — —
R-33 — East of HSA | 10/26/00 | 1455 | 7.60| 15.2 8.97 — 586 1.2 538
S-152 Boulder Sp NE of HSA | 10/26/00 | 1543 |7.16 | 15.3 7.20 — 591 0.200 89.60
S-134 RR Sp RR Bridge 11/18/00 | 1044 | — — — — — <0.01 <4.48
5-135 Bedding Plane Sp RR Bridge 11/18/00 | 1055 | — — — — — — —
S-136 Parson’s Sp 3 RR Bridge 11/18/00 | 1100 | — — — — — 0.030 13.44
S-137 Stream Bank Stream RR Bridge 11/18/00 ] 1105 | — — — — — <0.01 <4.48
S-138 Guard Shack Sp RR Bridge 11/18/00 | 1138 | — — — — — <0.01 <4.48
S-139 Low Flow Sp RR Bridge 11/18/00 | 1143 | — — — — — <0.01 <4.48
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Table 3-2 (Continued)
Spring and River Water Quality Data

Station Name General Date |Time| pH Temp.{ DO ([Turb.] Cond. |Est. Flow| Est. Flow
Location (°C) | (mg/L) (NTU)| (uS/cm) (cfs) (gpm)
S-140 Sycamore Sp RR Bridge 11/18/00 | 1146 | — — — — — 0.020 | 8.96
S-141 Cobbles Sp RR Bridge 11/18/00 | 1153 | — — — — — <0.01 <4.48
S-142 Beneath a Tree Sp Water Intake #1 { 11/18/00 | 1157 | — — — — — 0.020 8.96
-143 Fallen Tree Seep Water Intake #1 | 11/18/00 [ 1204 | — — — — — <0.01 | <4.48
5-144 Two-Seep Sp Water Intake #1 | 11/18/00 | 1207 { — — — — — <0.01 <4.48
S-145 Weak Seep Water Intake #1 | 11/18/00 | 1211 | — — — — — <0.01 <4.48
S-146 Water Tr Pl Sp No. 1 | Water Intake #1 | 11/18/00 } 1220 |6.90| 12.6 | 6.53 30 | 499 0.030 13.44
S-147 Water Tr Pl Sp No. 2 | Water Intake #1 | 11/18/00 | 1226 | — — — — — <0.01 <4.48
S-148 Intake Sp Water Intake #1 | 11/18/00 | 1230 | — — — — — <0.01 <4.48
R-34 — Water Intake #1 | 11/18/00 | 1237 | 7.17| 10.1 9.48 6 139 — —
S01 Sewage Tr Qutfall #1 | Water Intake #1 | 11/18/00 | 1248 | — — — — —
S-126 Upwelling Sp Big Island 11/19/00 [ 1050 | 7.34 | 144 | 1.80 11 | 370 — —
R-35 Big Island 11/19/00 1 1050 | — | 8.8 — - — — —
S-149 Brush Pile Sp Offsite 11/19/00 { 1456 | 7.29| 114 | 8.30 20 638 0.020 8.96
S-150 Offset Sp Big Island | 11/19/00 | 110517.29| 132 | 5.00 | — 343 — —
S-151 Big Boulder Sp BigIsland | 11/19/00 | 1239|684 | 12.4 { 270 | 28 | 982 | — —
River Averages — — 693 — 10.43 — 131 — —
Spring Averages — — 1667 — 5.01 — 437 — —

NoTE: Shaded data for a spring indicates a significant difference compared to river measurements.

*River level at Station R1 increased over 1 ft from 0932 to 1240 on this date.
"Water quality measured at river bank.
“Water quality measured 10 ft out from river bank.
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A field-mapping project of the complex geological structural features at RFAAP was performed
by IT Corporation (IT) to supplement the work performed by Parsons in June 1995. Fieldwork
was performed during the following dates in 2000: April 18; May 9, 11, and 12; October 24, 26,
and 27; and November 17-20. This project was undertaken to augment the existing geologic data
for the area and to address site-specific deficiencies in the geologic database. The area
surrounding RFAAP has been mapped geologically in detail (Schultz and Bartholomew, 2000,
VDMR open file in preparation; Glass, 1970; Hergenroder, 1957; and Waesche, 1934), however,
the facility itself had not previously undergone rigorous geologic mapping due to the
inaccessibility associated with high security restrictions.

The geology of outcrops at the HSA and nearby surrounding areas was observed for structural
features including strike, dip, and fissure and joint set orientations. Features such as anticlines,
synclines, folds, and faults were photographed, and bedrock orientations were measured.
Observations of the features were recorded for future reference and are presented in Table 3-3.
The locations of field mapping observations of the structural geologic features of the RFAAP
area are included on Figure 3-9 and photos of each location are in Appendix A.

The study areas included primarily outcrops along the New River and railroad track outcrops
from the Route 114 Bridge to the downriver RFAAP property line (Figure 3-9). Roadcuts west
of RFAAP, along Route 114, and other areas surrounding RFAAP, were also mapped.

3.7.1 Bedrock Orientation

Because of the complex structural history associated with the evolution of the Valley and Ridge
Physiographic Province, including the Radford/Blacksburg region, bedrock orientation can vary
significantly over short distances. Predominant bedrock orientations in one fault block may
differ greatly from those in an adjacent fault block. The study area includes the Radford North
quadrangle and the western half of the Blacksburg quadrangle. It was divided along major faults
to form five fault block compartments labeled Areas 1, 2, 3,4 and 5, as shown on Figure 3-11.
Area 1 includes the southern portion of the HSA and a portion of the MMA. Area 2 includes the
northern section of the study area south of Brush Mountain and the northern portion of the HSA.
Area 3 includes the Price Mountain Anticline. Area 4 includes the central-western portion of the
study area. Area 5 includes the southern portion of the study area. Strike measurements
collected by IT (2000) and Parsons (1996) were made within Area A, which contains RFAAP
and nearby areas and includes portions of Areas 1, 2, 3 and 4, as shown on Figure 3-11.

Strike orientations were measured and grouped into rose diagrams (Figure 3-12 to 3-16, as
presented below) to identify the predominant bedrock orientations in the RFAAP area. Strike
data included measurements collected by IT and Parsons and data from published and
unpublished geology maps of the RFAAP area. The geology maps included the unpublished
Geologic Map of the Radford North quadrangle (Schultz and Bartholomew, 2000) and the
western portion of the Geologic Map of the Blacksburg quadrangle (Bartholomew and Lowerey,
1979). The strike directions were measured with respect to northwest and northeast directions.
Thus, N9°W refers to a strike of 9° west of north. The data were grouped at 5° intervals and were
plotted on rose diagrams to depict the predominant strike orientations.
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Table 3-3
Structural Geology Results

Location Description

A1 Strike N45W, Dip 20NE
Very tight folds in rock.

A2 Fracture trends: N30E, NSOW
Strike N7W, Dip SONE
Joint set: N8OW, N10W.

A3 Starting 10 ft East of A3, again there is a folded zone with brecciated and faulted zone.
Solution features in beige weathered rock.
Folded rock, West of A3.

A4 Strike N3W, Dip 16NE. Dip ranges from 6-20 degrees.
Strike N25W, Dip 25NE.

A5 Folding and faulting begins 10 ft East of AS.
Solution features in rock, crystals with ~120/60 angles.
3-4” clasts.

A6 Strike NSW, Dip 43NE.
Fracture trends: N8E, N86GE.
East side of fault: Strike N25W, Dip 35NE.

A7 West side of fault: Strike N1OW, Dip 35NE.
1-ft wide section of beige/yellow fault gouge.
Strike N28W, Dip 8SW.
Fault block ~15 ft wide.

A8 Beds East of A8: Strike N5W, Dip 21NE. Beds appear to be continuous with a vertical fracture.
Beds West of A8: Strike N17E, Dip 29SE. Fractures trend N10E.
A6-A8: within RR cut.
Faulting in possibly 2 directions, within RR cut area, East of A8.
Fault trends: N4OW, N15E

A9 Strike N5W, Dip 42NE.
West side of fault: Strike N10W, Dip 30NE.
35 ft East of above location on other side of fault: Strike N1OW, Dip 44NE.

A10  |Strike N13W, Dip 27NE.

Al1 60 ft East of A10: Strike N25E, Dip 26SW.

A12 Strike N20E, Dip 29SW.
Fault trend: N35W.

A13  |Fault between A9 and A10.
Slight folding right of A9/A10 fault.

A14  |Fracture trend: N15E.

A15 Strike N33E, Dip 33SW.

A16  |Fault trend: N-S (5 ft from A15).

A17  |Strike NIOW, Dip 10SW (5 ft East of A16).

A18  |Fault trend: N25W. 20 ft East of A16 fault.

A19 |15 ft East of Al8: Strike N17E, Dip 22SW.

A20  |Fault trend N25W.

A21 | Westside of A20 (3 ft away): Strike N25W, Dip 36NE.

A22  [Suike N54W, Dip 11SW, across from RR tracks.
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Table 3-3 (Continued)

Geology Findings
Location Description
Highly fractured and broken dolomite that is recalcified/cemented above a shaly dolomite zone;
A23  |possibly overturned beds.
Area is at Eastern end of small island in New River.
A24  |Strike N12W, Dip 10SW.
A25  |Strike N20W, Dip SONE. 45 ft East of A24.
A26 Fracture trend: N26E. 20 ft East of A25.
At A25/A26, there is very fractured, recemented dolomite above unfractured shaly dolomite.
A27 Strike N10W, Dip 8NI?,.
West of small Eastern island.
Fracture trend: N70W.
A28 Fractures with solution cavities, small scale folding, anticline features ~3 ft wide, in very fractured,
recemented dolomite/LS.
A29  |Suike N11E, Dip 10NW.
A30  |Strike N3W, Dip 3NE.
A31 Strike N32E, Dip 61SE.
Brecciated material, ~100 ft West of A29.
A32  |Fault, dolomite type of rock. Appears to be offset of 1.5ft, down-dropped side on east.
West side of fault: Strike N7W, Dip 20NE.
A33 East side of fault: N11E, 48SE.
At eastern end of small and long islands.
Faulted area ~125 ft East of A32.
A34  |Strike NSE, Dip 29SE.
At East end of small island.
75 ft East of A34: Strike N35W, Dip 8§W
15 ft East of A35: Strike N15E, Dip 43NW.
A35 White star painted on base of rock, gray and yellow colored rock.
Faulted zone to East.
Brecciated zone from East end of small island at A35, and continues East 375 ft or more. Middle
portion of this zone is covered by overburden.
A37 |Strike N83E, Dip 83 NW.
A38  |Strike N79W, Dip 63 NE.
A39  |[Strike N75W, Dip 29 NE.
Area of folding, possible fault zone, and brecciation of outcrops.
A40  |Fire extinguisher sign at apex of fold limb, possible overturned beds (recumbent fold).
Blocky, no distinct structure, busted up, no distinct bedding. ~65 East of A37. At middle of gully.
Ad1 Strike N36E, Dip 46SE.
Fracture trend: N16W.
A41B  |(new reading, same location).
Strike N19W, Dip 24 NE.
A42 — —
Gently dipping and steeply dipping beds.
A43 No'distinguisha-ble bedding.
Strike N1OE, Dip 21SE.
Ad4 Strike N16E, Dip 74SE.

East side of valley, near vertical beds.
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Table 3-3 (Continued)
Geology Findings

Location Description

A45 | Fault zone; fault gouge zone.

A45-1 |Strike N7W, Dip 41NE.

Strike N37E, Dip 35SE.
A45-2 |Fracture orientations: N12W, N4W.
Approximately middle of brecciated (fault) zone.

A46 Fault/brecciated zone.

A47 Photo.

A48  [Brecciated zone, fewer outcrops, bedding indistinct.

Strike N35W, Dip 68NE.
A49  |Bedding to East of last station where brecciated rock, possible fault occurs.

To the East of this location, rocks are more brecciated, bedding becomes indistinct.

Strike N47W, Dip 76SW.
A50 [Mile marker 286 on tracks.
Rocks highly brecciated, bedding dipping very steep.

Strike N45W, Dip 84NE.
A51 To the East of last reading.
Bedding distinct, but near other brecciated zone (to East).

Strike N26W, Dip Vertical.
Vertical bed; brecciated zone.

A52

Strike N39W, Dip 46SW.
A53 East end of outcrop, brecciated zone.
~40 ft East — brecciated zone; folds and tight folds.

A54 Folds in rock.

A55 Strike N14W, Dip 65SW.

A56 Breccia zone. Bedding is somewhat indistinct.
Strike N28W, Dip 60NE.

AS7 | Trend/Plunge of anticline: N7E.

A58 Small anticlinal fold.

Brecciated zone, also exhibits flowstone-like features.
Appears water has flowed out from bedding planes, cascading over underlying rock and depositing

As9 calcite or aragonite over surface of rock. This could have been a cave. Some blasting has occurred to
develop RR track—evidence from a few drill holes.

A60 Tig-ht. fold. . :
This intense deformation continues to the East.
Strike N25W, Dip 35NE.

A61 First distinct outcrop since last station. Rock formations are heavily deformed, brecciated and tightly

folded.

A62  |Strike N63W, Dip 76SW.

A63 Strike N73W, Dip 24SW.
Fracture trends: NSOE, N5W.

On North bank of New River, between RFAAP Treatment Plant and pipe over river. Beds start to
become very folded. Upstream of this area, bedrock dipping in consistent direction.

A64
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Table 3-3 (Continued)
Geology Findings

Location Description

~200 ft downstream of caves and rapids.
Probable fault area, beds are vertical, different from cave area.

A65 |Downstream of A65 and upstream of pipes crossing river. Rock has lots of solution cavities, may be
brecciated.

After passing pipelines (going downriver), the area is pretty much void of outcrops.

A66  |Begin seeing outcrops on HSA bank. Rocks look busted up.

A67 Strlke.: N34Ej Dl'p 36SE.
Consistent dipping beds.

A68  |Brecciated rock resumes along HSA bank.

A69  |Bedrock dipping West, then about horizontal to East.

A70  |Vertically elongated caves.

A71 Bedrock dipping westerly, looks brecciated.

A72 Folded rock. Across from cobble bar.

A73  |Strike N75E, Dip 27SE. Along New River, HSA bank.

A74 |Strike N12W, Dip 26NE. Along New River, HSA bank.

A75 |Strike N33W, Dip 70NE. Along New River, HSA bank.

A76  |Strike N10W, Dip 33SW. Along New River, HSA bank.

A77  |Strike N1OW, Dip SW. At Dear Head Seep.

There is a short (~50 ft) stone fence with an old foundation (~5 ft by 5 ft) and very old wire fence
A78 above bank.

A79 Strike N26W, Dip S6NE.

A80 Strike N68W, Dip 39SW.,
On HSA bank, South of small island. Qutcrop located in New River.

A81 Brecciated zone. Lower 15 ft is brecciated, the rock above did not appear to be folded and brecciated.

A82 Strike N45E, Dip 30SE.

A83 Zone of inter-formation deformation, but rock above not deformed.

A84  [Sirike N5W, Dip 18NE.

A85 Fault brecciated zone.
A fault curves up to West; highly folded zone to the East.

A86 Strike N32E, Dip 49SE.

A87 Cave, about 15 ft above RR tracks.

A88 |Highly deformed brecciated rock, weathered to beige color.

Temporary end to brecciated/chaotic zone.
A89  |Strike N8SE, Dip 27 NW.
Note: relative strike since strike and dip fluctuates in this area.

A90  |Fault appears to run from bottom on the East 10 top on the West.

A91 Faull, breccia zone, vertically elongated cave opening.

Ag2 Strike N25E, Dip 30NW.
15 ft to East, there is a fault. Another 15 ft, strike and dip changes to Strike N61E, Dip 36NW.

Middle part of a fault zone.
A93 40 ft West of A93: Strike N62E, Dip 67TNW.
40 ft East of A93: Strike N45E, Dip 86NW.

A94 Probable fracture, solution enhanced. yellowish-orange deposition—possibly limonite.
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Table 3-3 (Continued)
Geology Findings

Location Description
A95 Start of fault/deformation zone (to West of the fault zone).
Folded, nearly vertical bedrock.
A96  |First place to take a strike and dip since A95, ~200 ft away.
A97  |[Start of another brecciated zone, some greenish color.
A98 Stril.<e N84E, Dip 1?SE, :
Resistant bedrock pinnacle in area.
Strike N4OW, Dip 37SW.
A99  |Trend of fold: SIOE, Plunge 22SE.
Tall, resistant beds to East of A99 in small gully.
A100 West Limb: Strike N39W, Dip 17SW.
East Limb: Strike N60E, Dip 16SE.
A101A |[Strike N33W, Dip 10SW.
Strike N25E, Dip 25SE.
A102 |Fault zone.
Fracture trend; N82W, fracture filled with calcite.
A103 [Fault, brecciated.
A104 Fault. -
Jumbled-up zone of rock continues to the Southeast.
A105 |Strike N86E, Dip 84SE.
South of valley/stream.
A106 |Fault zone, brecciation.
About 40 ft South of A106, change in dip, above and below.
A107 North end of fold: Strike N36W, Dip 37SW.
N25E, Dip 84NW.
A108 |Brecciated and jumbled—up beds, yellow and gray with whitish-gray colors.
A109 Fold, very fractured rock with calcite infilling.
Strike East-West, Dip 30S.
A110 |Start of a brecciated zone.
Strike N24W_ Dip 89SW.
A111 | Weathering colors include maroonish-brown, beige, and grayish-green.
Steeply dipping beds, about 50 ft South of A111.
A112 Fault zone.
East side of tracks at A112 are highly weathered and deformed; unable to establish bedrock attitude.
A113 | Photos area.
A114 |Strike East-West, Dip 12S; East side of tracks.
A115 |[Strike N42E, Dip 7INW:; East side of tracks.
A116 | Sirike East-West, Dip 41S; North of fault, West of tracks.
A117 | Strike N82E, Dip 82SE; North of fault, West of tracks.
A118 |Strike N45E, Dip 22SE.
A119 |Strike N24W, Dip 30NE.
A120 | Stike N73E. Dip 6INW.
Weathered rock.
A121 | Fault brecciated zone; yellowish rock, chaotic.
A122  |Strike N84W. Dip 33NE.
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Table 3-3 (Continued)
Geology Findings

Location Description

A124  |Seepy area, off outcrops.

Falls up from pipeline, across river outcrop — breccia, possible fault zone, Strike N65W, Dip 18SW.
A125 |Brecciated fractured, cavernous shaly LS/Dolomite along rapids North of water treatment plant down
to pipeline crossing river.

A126 |Steeply dipping beds opposite of last station. Qutcrops are brecciated.
A127 |Strike N15W, Dip 35NE.

A128 |Dissolution features in breccia.

A129 |Solutional features in rock.

A130 |Strike N35W, Dip 18SW.

Note: Measurements are relative to true north. Magnetic declination in the measurement area is 5.5
degrees.
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Strike measurements collected by IT in 2000 and Parsons in 1996, from outcrops at RFAAP and
nearby areas, were plotted on a rose diagram and include 159 measurements from Area A, which
includes Area 1 in its entirety and parts of Areas 2 through 5 (Figure 3-12). Area A was pltted
separately from Areas 2-5 because the dataset used for Area A uses strike measurements that
were field measured by IT and Parsons. The remaining Areas used data points that were
measured from USGS maps, rather than field measurements. Separate rose diagrams for the
strike data were plotted for Areas 2, 3, 4 and 5 (Figures 3-13 through 3-16). Area 2 includes
425 measurements, Area 3 includes 249 measurements, Area 4 includes 204 measurements, and
Area 5 includes 629 measurements. The data show a wide distribution due to the severe folding
and faulting, which occurred during the Alleghenian Orogeny.

The rose diagram for Area A (includes all of Area 1) contains data points measured by IT and
Parsons (Figure 3-12). The most predominant strike orientations are in four general directions:
N70°-75°W, N25°-35°W, NO°-N10°W, and N60°-65°E. There is no diagram for Area | because it
is entirely within Area A. This is the main study area and consists of field strike measurements.
Strikes from the remaining areas were measured from USGS maps.

The rose diagram for Area 2 contains data points measured from the USGS (1979 and 2000)
quadrangles (Figure 3-13). The most predominant strike orientations are in four general
directions: N85°-90°W, N45°-60°E, N65°-75°E, and N80°-85°E.

The rose diagram for Area 3 contains data points measured from the USGS (1979 and 2000)
quadrangles (Figure 3-14). The most predominant strike orientations are in two general
directions: N85°-90°W and N65°-85°E.

The rose diagram for Area 4 contains data points measured from the USGS (2000) quadrangle
(Figure 3-15). The most predominant strike orientations are in three general directions: N85°-
90°W, N65°-70°E, and N85°-90°E.

The rose diagram for Area 5 contains data points measured from the USGS (1979 and 2000)
quadrangles (Figure 3-16). The most predominant strike orientations are in three general
directions: N85°-90°W, N40°-75°E, and N85°-90°E.

3.7.2 Faults

Prominent deformation features include faults, folds, and fracture or joint set orientations.
Figure 3-6 illustrates the numerous faults, photolineaments and karst features. Most of the thrust
faults, illustrated with the teeth on the upper plate (overriding plate), are predominantly east-west
trending thrust faults (thrust faults are recognized by older rocks resting on younger rocks).
Other faults mapped are high-angle faults (those that have dip angles of greater than 45°).

Depending on the strike of the bedrock, the fissures or fractures are generally perpendicular to
the strike. The compressional and/or tensional forces exerted on the rocks during the Allegheny
Orogeny further complicate this arrangement. In other words, major structural features, such as
a thrust sheet, may also be folded by later tectonic events, and cannot be viewed as planar
features. Trends in fractures, joints, and joint-sets are equally as complex to interpret.

Location coordinates and elevations were recorded with a global positioning system (GPS) at
each geologic data feature. Geologic data feature locations are shown on Figure 3-9.
Descriptions of each location of geologic interest are provided in Table 3-3.
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3.7.3 Photolineament Trends

Following the identification and plotting of the photolineaments on topographic maps, each
photolineament was measured to identify its directional trend (shown on Figure 3-6) and was
measured and plotted on a rose diagram. Using the same convention as described for the
bedrock strike data interpretation, a separate rose diagram of the photolineament trends was
plotted for the fault blocks labeled Areas 1, 2, 3, 4 and 5 (Figures 3-17 through 3-21). Area A,
described in the strike measurement section above, is not presented here because the
photolineaments trends were observed from a single data source (aerial photos) rather than a
combination of field measurements and USGS maps. A separate rose diagram was plotted that
combines the photolineament trends for the five areas (Figure 3-22). As mentioned, a wide
distribution of trend directions was observed, as described below.

The rose diagram for Area | contains 38 photolineaments (Figure 3-17). There are three
predominant photolineament orientations: N85°-90°W, N65°-70°W, and N45°-60°E. The rose
diagram for Area 2 contains 238 photolineaments (Figure 3-18). There are six predominant
photolineament directions: N85°-90°W, N65°-70°W, N55°-60°W, N5°-10°W, N45°-50°E, and
N60°-65°E. The rose diagram for Area 3 contains 65 photolineaments (Figure 3-19). The
predominant photolineament trends lie in a nearly north-south orientation: N5°W-N5°E and
N10°-15°E. The rose diagram for Area 4 contains 96 photolineaments (Figure 3-20). There is a
wide distribution in the photolineament trends. The four predominant orientations are N75°-
80°W, N45°-50°W, N5°-15°E, and N85°-90°E. The rose diagram for Area 5 contains 161
photolineaments (Figure 3-21). There is a wide degree of scatter in the photolineament trends.
The seven predominant orientations are N65°-70°W, N40°-45°W, N15°-20°W, NO°-N5°E, N35°-
40°E, N60°-65°E, and N70°-75°E.

There were a total of 596 photolineaments measured in Areas 1-5 that were plotted on the rose
diagram on Figure 3-22. The photolineament data have a wide distribution, which illustrates the
effects of the severe folding and faulting that occurred in this area. The predominant
photolineament trends are in seven directions: N85°-90°W, N65°-70°W, N5°-10°W, NO°-N5°E,
N10°-15°W, N45°-50°, and N60°-65°E. These trends in photolineament directions are important
in predicting groundwater flow directions, since the photolineaments may provide preferential
flow pathways for groundwater. Evidence for preferential flow can be seen on Figure 3-6,
where suspected sinkholes are clustered around photolineaments and are elongated along the
strike of the photolineament.

3.8 GROUNDWATER ELEVATIONS

A groundwater elevation survey (depth to water measurements) was performed in April 2000 for
69 monitoring wells located at the HSA. The purpose of the groundwater elevation survey was
to aid in identifying the elevation and direction of the groundwater gradient at the HSA. A
listing of groundwater levels measured during the survey is provided in Table 3-4. Each well
used in producing the potentiometric surface maps was surveyed for horizontal and vertical
control using the same datum.

Available lithologic boring logs and monitoring well diagrams were reviewed to obtain
information on HSA wells (Table 3-4). Wells were screened in either bedrock, unconsolidated
sediments (alluvium), or across the bedrock/unconsolidated sediment interface. Groundwater
gradient maps were drawn to present the alluvium wells (including the wells screened across the
bedrock/unconsolidated sediment interface) and bedrock wells (Figures 3-23 through 3-26). In
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Table 3-4
HSA Monitoring Well Information

i [ Elevation o
1 TOC
<1 (ft msl = o ‘
: -NVGD, . | 418100
SWMU 13 [13MW1 8/20/91 Bedrock 1701.44 28 18-28 16.42 1685.02
13MW2 8/29/91 Bedrock 1702.62 29 19-29 20.90 1681.72
13MW3 8/27/91 Interface 1694.47 19 9-19 12.11 1682.36
13MW4 8/28/91 Interface 1696.4 24 14-24 14.48 1681.92
13MWS5 8/23/91 Interface 1696.4 25 14-24 14.93 1681.47
I13MW6 8/21/91 Interface 1696.05 23 13-23 14.30 1681.75
13MW7 8/22/91 Interface 1695.21 24 14-24 14.49 1680.72
HWMU 16 |16-1 10/26/84 | Interface 1815.82 60 30-60 Dry Dry
16-2 10/23/84 | Bedrock 1810.99 77 52-77 55.75 1755.24
16-3 10/30/84 | Bedrock 1824.77 80 60-80 58.69 1766.08
16-4 11/2/84 Bedrock 1836.76 80 45-80 53.76 1783.00 37
16-5 10/23/85 | Bedrock 1742.6 54.5] 39.5-54.5 4.02 1738.58 5
Cl 7/31/80 | Bedrock 1840.14 70 55-70 51.62 1788.52 48
C2 7/30/80 | Uncounsol 1808.18 70 55-70 64.17 1744.01 NA
C3 7/29/80 | Uncounsol 1822.1 70 55-70 Dry Dry NA
C4 7/29/80 | Bedrock 1824.57 70 55-70 54.38 1770.19 46
CDH2 NA NA 1826.28 64.4 NA 5597 1770.31 NA
CDH3 7/21/80 | Bedrock 1810.19 66.6 51.6-66.6 Dry Dry 59
WCI1-A 10/5/87 Bedrock 1812.61 93.5| 83.5-935 69.70 174291 73
WCI-B 10/9/87 | Unconsol 1812.95 73 63-73 Dry Dry 72
WC2-A 10/13/87 | Unconsol 1818.05 69.5| 59.5-69.5 64.56 1753.49 72
WC2-B 10/19/87 | Bedrock 1818.71 102.5] 92.5-102.5 55.65 1763.06 51
MWS 1/17/89 | Unconsol 1815.82 76 66-76 Dry Dry NA
MW9 9/22/89 | Unconsol 1808.88 79 69-79 66.21 1742.67 NA
SWMU 26 [B1 ’ 8/5/80 Unconsol 1856.28 90 75-90 Dry Dry NA
BIR 8/15/80 | Bedrock 1854.87 145] 130-145 143.14 1711.73 86
B2 8/6/80 Bedrock 1772.65 90 75-90 83.90 1688.75 31
B3 8/5/80 Bedrock 1767.89 90 75-90 78.32 1689.57 33
B4 8/4/80 Bedrock 1767.5 90 75-90 75.17 1692.33 30
BDH2 NA NA 1785.24 NA NA 93.90 1691.34 NA
BDH3 NA NA 1830.73 99 NA 85.25 1745.48 NA
SWMU 28 |28MW1 9/4/91 Bedrock 1827.18 63 43-63 29.94 1797.24 26
28MW2 9/10/91 Bedrock 1821.56 83 68-83 62.90 1758.66 55
SWMU 29 [FAL2 10/18/84 | Interface 1757.93 44 24-44 35.46 1722.47 35
FAL3 10/19/84 | Unconsol 1758.43 90 65-90 68.73 1689.70 NA
WELL7 NA NA 1825.53 NA NA 27.81 1797.72 NA
WELLS NA NA NA NA NA 35.68 NA NA
WELL9 NA NA NA NA NA Dry Dry NA
SWMU 31 [3IMWI] 12/16/94 | Bedrock 1715.04 50 40-50 34.66 1680.38 40
31MW2 12/14/94 | Unconsol 1699.05 28.5] 18.5-28.5 23.83 1675.22 29
31IMW3 12/14/94 | Unconsol 1698.82 30.6] 20.6-30.6 23.20 1675.62 28
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Elevation
12/15/94 | Interface 1698.55 23.41 1675.14
SWMU 32 |32MWI 9/27/91 Bedrock 1738.31 87 72-87 57.00 1681.31 21
SWMU 39 |39MWI 6/2/93 Bedrock 1703.4 39.4| 24.4-394 23.60 1679.80 16
39MW?2 6/3/93 Bedrock 1702.08 44.6 24-44 23.02 1679.06 19
39MW3 6/4/93 Bedrock 1701.36 27.9] 17.9-27.9 22.31 1679.05 18
39MW4 9/25/97 NA 1703.02 2791 20-30 23.95 1679.07 NA
39MW5 9/25/97 NA 1701.61 28.08| 19.4-204 22.30 1679.31 NA
3IIMW6 9/25/97 NA 1701.36 28.67| 19.9-29.9 22.40 1678.96 NA
IIMW7T 4/16/98 Bedrock 1701.89 29 19-29 23.75 1678.14 18
39MW3 4/17/98 | Interface 1699.16 40 30-40 21.06 1678.10 33
SWMU 48 [48MW4 7/22/95 Bedrock 1832.6 94 74-94 80.88 1751.72 NA
SWMU 49 [48MW1 12/19/94 | Bedrock 1819.95 140] 110-140 112.24 1707.71 60
48MW?2 1/7/95 Bedrock 1818.88 133.7]113.7-133.7 125.67 1693.21 40
48MW3 1/8/95 Bedrock 1812.17 120] 100-120 97.58 | 1714.59 32
SWMU 51 [S5IMWI 9/24/91 | Unconsol 1823.13 35 25-35 7.12 1816.01 33
51MW?2 9/9/81 Interface 1834.77 53 43-53 50.35 1784.42 47
SWMU 54 |54MWI1A | 9/17/91 Bedrock 1704.00 51 36-51 19.93 1684.07 NA
54MW1 11/6/91 Bedrock 1705.7 54.8| 34.8-54.8 19.20 1686.50 19
54MW?2 9/17/91 | Interface 1701.41 28 18-28 22.80 1678.61 21
54MW3 9/18/91 Interface 1702.15 30 20-30 23.60 1678.55 24
54MW4 12/3/97 | Bedrock 1694.45 45 30-45 16.90 1677.55 19
SWMU 74 |74MW1 10/7/91 Bedrock 1734.85 50.4] 35.4-504 24.50 1710.35 24
74MW?2 2/25/93 Bedrock 1805.2 78.5 63-78 56.36 1748.84 59
74MW3 2/23/93 | Unconsol 1731.9 31.5 21-31 2145 1710.45 29
74MW4 2/20/93 | Interface 1731.1 41.5 21-41 24.71 1706.39 32
T4MW5 2/22/93 | Interface 17389 42.5 22-42 27.15 1711.75 32
74MW6 2/24/93 | Unconsol 1733.9 31.5 21-31 Dry Dry 31
74MW7 2/25/93 Bedrock 1733.3 66.5 46-66 25.83 1707.47 32

NOTES: TOC = top of casing; msl = mean sea level; bgs = below ground surface

Interface = well screened across unconsolidated-bedrock interface; DTW = depth to water.

; NA = not available, Unconsol = well screened in unconsolidated sediments;
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general, it was concluded that regional groundwater gradients at the HSA flow radially from the
higher elevations to lower elevations at the New River. Water levels near SWMU 48 indicated
preferential flowpaths in bedrock along fractures or faults.

Figure 3-23 illustrates the groundwater elevation contours in the bedrock aquifer for the eastern
end of the HSA. The contours show a radial pattern with the gradient moving away in every
direction from the groundwater high point at well 28MW 1 toward the New River. In addition,
this figure illustrates influences on the groundwater contours from fractures. This characteristic
is predominant in the area of wells 74MW?2 (near the intersection of two photolineaments) to
74MW 1, which shows the preferential gradient parallels a photolineament.

Figure 3-24 illustrates the groundwater gradient in the unconsolidated sediments for the eastern
end of the HSA. The contour depicts a similar pattern as the bedrock contours, in that the
groundwater gradient is radial toward the New River.

Figure 3-25 depicts the groundwater elevations and gradient within the central HSA bedrock
aquifer. The groundwater gradient direction in this area is toward the north and to the south to
the New River. There is a suspected fault in the area as shown on the figure. The groundwater
gradient near SWMU 39 appears to be controlled by this feature, based on the narrowing of the
contours around wells 39MW3, 39MW4, 39MWS5, and 39MW6. No photolineaments were
mapped in this area that would suggest a fracture. Groundwater movement is probably affected
by the fault shown on the figure. However, there are an insufficient number of wells located on
the southern side of the fault to confirm the hypothesis that groundwater is fracture controlled.

Figure 3-26 illustrates the groundwater flow near SWMU 31. The overburden and bedrock
wells were both used in this area, due to the relatively small number of wells. The groundwater
gradient is to the northwest, toward the New River.

Because monitoring wells were originally placed to sample groundwater and positioning is
biased towards SWMUs, there are significant spatial gaps in the groundwater elevation data.
Thus, it is difficult to assess regional and local gradient characteristics, especially in the highly
deformed and karstic bedrock. Installation of additional observation wells and/or dye trace
studies may be required to provide a more accurate description of groundwater gradient
characteristics.

3.9 SPRING SURVEYS

As part of the hydrogeologic study at RFAAP, a spring survey was initiated along the HSA in the
New River. The spring survey began March 27, 2000, and was completed November 19, 2000.
Several trips were required to complete this task due to high flow conditions in the river. The
lowest water levels were encountered during the November 18-19 spring survey. The purpose
of the spring survey was to locate springs or seeps to verify the thermal flyover signatures, assist
in assessing groundwater flow paths, and to measure flow rates and water quality parameters.

In addition to locating and measuring water quality parameters at springs, water quality
measurements were recorded at various locations in the river, at the same time, in an attempt to
locate springs along the river bottom and to identify the contrast between spring and river waters.

Each spring location was given an identification number and named in conjunction with an easily
identifiable geographic or physical feature. Spring locations were recorded using a GPS unit
(NAD, 1927 and NVDG, 1929). The majority of the springs were also marked and/or
photographed for future reference. Spring discharge is calculated by measuring the cross-
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sectional area of the flow area and then estimating the velocity by timing the movement of a
floating object on the water surface.

3.9.1 Spring Locations

Thirty-four springs were found at the HSA; 33 of the springs were found along the bank of the
New River and 1 spring (previously identified) was located at Hazardous Waste Management
Unit (HWMU) 16 (Figure 3-9). Most of the springs were found grouped together in one of three
areas on the north side of the HSA, along the New River. Fifteen springs were found along the
New River at the MMA. Four springs were found at separate locations (not in groupings) on the
HSA. The following is a list of the springs found at the HSA:

e 8 springs near the downstream RFAAP property line: S102 through S108 and S153;

e ]I springs at the Water Intake #2 area: S109 through S119;

e 12 springs at the 3-Islands area north of SWMU 39: S122 through S131, S150, and
S151;

e 2 springs along the northeast shoreline: S120 and S121;

o S132 located at HWMU 16; and,

e S133 located on the mid-southern shoreline.

The 15 springs found on the MMA shoreline (S 134 through S148) are located between the
Railroad Bridge and Water Intake #1. A portion of the fifteen springs were previously
documented by Parsons (March 1994). There were three springs found offsite during the survey.
Spring S152 is located across the New River near the northeast corner of the HSA. Springs S101
and S149 are located downstream of the RFAAP property line boundary.

During the initial spring surveys in March, April, and May of 2000, two springs were found
along the New River shore in the HSA. One of these springs, S125 (Knarly Spring), was
previously detected as a result of the thermal fly-over (near SWMU 39). The spring was flowing
at a rate of approximately 0.01 cfs or approximately 4.5 gpm (Table 3-2). The second spring/
seep, S153 (Property Line Spring), was found at the downstream RFAAP property line. The
flow from this seep was approximately | gpm. These springs were found during higher New
River flows (>1,000 cfs at the Radford Gauging Station). Two seeps were located, Seeps 1 and
2, but are probably discharge from bank storage as the water level in the river falls.

Most of the springs that were found are near the water level of the river, especially under low
flow conditions, making them difficult to find other than during periods of low river stage. The
river stage is controlled by releases from Claytor Reservoir, which is approximately 12 mi.
upriver from RFAAP. During the fall and winter months (September through April) the
reservoir generates power and flood control. During the spring and summer months (late April
through September) the reservoir maintains a minimum flow of 7,500 cfs to meet permit
requirements. In other words, additional water (runoff) flowing into the reservoir is released,
causing fluctuations in the river levels downstream.

The majority of the springs were found when the New River was at lower levels during the field
work conducted on November 18 and 19. The flows at the Radford Gauging station were
between 930 and 1,400 cfs during this time period. Because of the diffuse nature of the springs
and their general low-flow characteristics, field observations proved more valuable than the
thermal flyover.
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3.9.2 Spring and River Water Quality Measurements

Water quality parameters were measured at each spring and river monitoring location using a
Horiba U-10 water quality meter. Measurements were recorded in the field logbook and
included the following parameters, as summarized in Table 3-2: pH, temperature, dissolved
oxygen (DO), turbidity, specific conductivity, and estimated flow rate. Evaluation of the water
quality measurements yielded the following averages:

River Locations:
e PH = 693
e Conductivity = 131 microsiemens per centimeter (uS/cm)
e DO =  10.43 milligrams per liter (mg/L)
e Temperature =  Varied depending on the season
Spring Locations:
e pH =  6.67
e Conductivity = 437 uS/cm
e DO = 501 mg/L
e Temperature =  Varied depending on the season

The main differences between the spring and river water quality measurements were specific
conductivity, DO, and temperature. Specific conductivity was higher in the springs due to the
dissolution of carbonate minerals caused by water migrating through the bedrock. DO in the
river was higher; a result of aeration in the swift currents. Temperature varies with the seasons.
Histograms were developed to illustrate the variation in temperatures and specific conductivity
measurements between springs and river monitoring locations.

Temperature measurements recorded for the river stations reflect the general air temperature or
water inflow (runoff) temperature trend. The water temperature in the river, as illustrated on
Figure 3-27 shows a gradual increase for measurements made in the October and November
(R23-32) timeframe as compared to those made in April (R1-22) because water transfers heat
more slowly than does the atmosphere. Therefore, water temperatures in the fall months are
typical of late summer temperature trends whereas water temperatures in early spring are typical
of late winter temperature ranges.

The temperature of perennial springs will reflect the mean annual ambient temperature of a
region. Most springs will fall into a certain temperature range and will remain constant.
Conversely, springs or seeps which do not reflect this trend, are termed ephemeral springs
(spring flows as a result of precipitation). The spring temperature for the RFAAP area ranges
from 12 to 14°C (Figure 3-27). Springs exhibiting temperatures above or below this range can
be considered to have direct contact with surface runoff or anthropogenic influences.

Conductivity measurements for the river also follow a general trend; measurements are typically
lower than those found in springs because water migrating through soil and bedrock will pick up
other ions capable of conducting an electrical current. The increase in ions raises the specific
conductivity. Surface water will typically have lower values because of reduced contact with
soil and bedrock in the river channel. The conductivity values in the New River, as illustrated on
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Figure 3-27
Temperature of Springs and River Stations
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Figure 3-28, were below 200 pS/cm. Most of the conductivity measurements in the springs are
greater than 200 pS/cm (Figure 3-28). Springs with low specific conductivity have short
residence time underground and therefore can be characterized as being ephemeral springs. In
some cases, several of the springs may have anthropogenic influences. These influences could
be discharges from treatment facilities or storm water runoff, which can also increase the specific
conductivity range. The discharges from treatment facilities and the infiltration of these
discharges to the subsurface may, in fact, be responsible for creating some of these springs. The
springs along the riverbank north of SWMU 31, for instance, shown conductivities below or only
slightly above 200 uS/cm and could be water from the treatment lagoons seeping through to the
riverbank.

The spring that correlated to the thermal flyover signature within the HSA is spring S125
(Knarly Spring). Spring S125 is reported twice on the tables because it was measured during
two different visits.

3.9.3 Spring Flow Rates

Spring survey results indicate the presence of very few high-flow-rate springs at the HSA. There
were ten springs having estimated flows greater than 20 gpm (Table 3-2): S103, S104, S107,
S113, 8120, S123, S125, S126, S132, and S152. The remaining springs had flow rates less than
20 gpm, with many of these identified as seep areas with flow rates too low to measure.

The three areas at the HSA with numerous springs (upgradient of Water Intake #1, north of
SWMU 39, and downstream of Water Intake #2) are likely influenced by the geology. Fracture
traces were mapped at the downstream property line and at Water Intake #2 (Figure 3-9).
Photolineaments were not identified at the three-island location, just off the northern border of
the HS A bedrock outcrops along the northern bank of the HSA and along the railroad cut to the
north. The latter bedrock location contains folded and steeply dipping features.

Local bedrock also influences the groundwater flow because the area is highly faulted, folded,
and fractured. The many fractures provide diffuse avenues for water migration instead of
discrete discharge through springs, with the result that the system may be acting as an enhanced
slow-flow (diffuse flow) system where water migrates through the many fractures and recharges
the river below the river levels.

3.10 RIVER PROFILES

The purpose of the river profiles was to establish the contour of the river bottom, measure river
flow velocity and identify areas in the New River along the HSA that were gaining or losing
appreciable flow. River profile fieldwork was conducted on May 9-11, 2000.

Measurements at each river profile location were collected using a rope marked-off at 25-ft
intervals, which was stretched perpendicular across the river and secured on each riverbank.
Beginning on one bank and at each subsequent 25-ft interval across the river to the opposite
bank, the depth to the riverbed was measured using a standard staff marked every 0.5 ft.

Distance between the half-foot marks on the staff was measured using a standard engineer’s
scale. A Global Flow Meter was used to measure flow velocities in feet per second (ft/s). The
velocity measurements were made from the approximate center-point in the water column at
each station. Both the average flow velocity (V,,g) and the maximum flow velocity (Vmax) were
recorded. The profile location was staked for future reference.
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Figure 3-28
Conductivity of Spring and River Stations
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Figure 3-29 shows the locations of the five river profiles. Stations were named for easily
identifiable geographic or physical features. Figures 3-30 through 3-34 illustrate the river
profiles along the five profile stations, including the following:

¢ Railroad Bridge Profile—upstream side of the facility property where the railroad
crosses the New River.

e Road Bridge Profile—approximately 9,800 ft downstream from the Railroad Bridge
Profile and is the roadway that crosses to the HSA.

e River Bend Profile—approximately 12,500 ft downstream of the Road Bridge near
the apex of the bend in the New River.

¢ Island Profile—near the large island, approximately 10,000 ft downstream from the
River Bend Profile.

e Property Line Profile—downstream side of the facility property and approximately
9,800 ft downstream from the Island Profile.

Releases from Claytor Reservoir, which would have an effect on river flow velocity
measurements, were considered during profiling activities. However, river profile measurements
were collected during periods of normal flow (i.e. there were no spikes in flow during the
measurements).

The Railroad Bridge Profile is approximately 500 ft across (Figure 3-30). The deepest point
measured was 10.5 ft and the average depth across the profile is 5 ft. The average velocity
measurements recorded at each station ranged from O to 1.9 ft/s. The cross-sectional area
calculates to 2,550 square feet (ft*) and the average velocity was 0.6 ft/s. The average flow
through the cross-sectional area is approximately 1,460 cfs.

The Road Bridge Profile is approximately 515 ft across (Figure 3-31). The deepest point
measured was 7.6 ft and the average depth across the profile is approximately 4 ft. The average
velocity measurements recorded at each station ranged from O to 2.9 ft/s. The cross-sectional
area is approximately 2,270 ft” and the average velocity was 1.4 ft/s. The average flow through
the cross-sectional area is approximately 2,900 cfs.

The River Bend Profile is approximately 425 ft across (Figure 3-32). The deepest point
measured was 4.5 ft and the average depth is approximately 3 ft. The average velocity
measurements recorded at each station ranged from O to 3.2 ft/s. The cross-sectional area is
approximately 1,315 ft® and the average velocity was 1.8 ft/s. The average flow through the
cross-sectional area is approximately 2,410 cfs.

The Island Profile is approximately 725 ft across (Figure 3-33). The deepest point measured
was 4.7 ft and the average depth is approximately 2.5 ft. The average velocity measurements
recorded at each station ranged from O to 3.7 ft/s. The cross-sectional area is approximately
1,880 ft* and the average velocity was 2.1 ft/s. The average flow through the cross-sectional area
1s approximately 3,970 cfs.

The Property Line Profile is approximately 725 ft across (Figure 3-34). The deepest point
measured was 4.8 ft and the average depth was approximately 3 ft. The average velocity
measurements recorded at each station ranged from 0 to 1.35 ft/s. The cross-sectional area is
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approximately 2,475 ft* and the average velocity was 0.75 ft/s. The average flow through the
cross-sectional area is approximately 1,850 cfs.

The river profile measurements exhibited a wide range of cross-sectional areas, velocities, and
depths throughout the HSA. The width of the river ranges from 425 ft at the River Bend Profile
to 750 ft at the Island Profile and Property Line Profile. The highest average velocity was
measured at the Island Profile (3.7 ft/s). The lowest average flow through a cross-sectional area
is the Railroad Bridge Profile (1,460 cfs) and the highest is the Island Profile (3,970 cfs).

Profiling results suggest that the New River stream bed appears to be both a losing and gaining
river along different reaches of the river. This is not unusual for a karst setting. Isolating
discrete gaining or loosing sections between the New River Bridge and the Water Intake #2 will
require a detailed river bed profile and repeated gauging along the entire length of the river.
Other influences can affect river profile measurements, such as large boulders or highly irregular
river bottom profiles. These variables can constrict stream flow above and below the transect
(profile) and potentially produce misleading results.
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4.0  INVESTIGATIVE ACTIVITIES AND RESULTS

This section discusses the HSA groundwater investigative activities performed by Shaw in 2002
and 2003 as proposed in the May 2001 CCR (IT, 2001) and the September 2002 Work Plan
Addendum (WPA) 009 (IT, 2002).

4.1 WELL AND SPRING SURVEYING

In August 2002, Draper Aden Associates of Blacksburg, VA, completed a survey of each
previously selected well, spring, and river monitoring point in the HSA to obtain survey-grade
location coordinates and elevation data. The survey was done using the North American Datum
(NAD) of 1927 horizontal datum and the National Geodetic Vertical Datum (NGVD) of 1929
vertical datum. The survey included a total of 44 groundwater monitoring wells (the 25
originally proposed in WPA 009 plus an additional 19), three springs and associated weirs, and
the locations at the New River Bridge and Water Intake #2. The survey served as the basis for
subsequent water level elevation measurements and calculations. Table 4-1 lists the survey
coordinates and the elevations of each monitoring point surveyed by Draper in 2002. Table 4-2
denotes wells that are screened in bedrock, unconsolidated material or at the interface between
bedrock and unconsolidated material.

4.2 MONTHLY GROUNDWATER AND VADOSE ZONE ELEVATION
MEASUREMENTS

Groundwater, vadose zone water, and surface water elevations were measured in July 2002 and
then monthly from September 2002 through September 2003 at the New River Bridge, Water
Intake #2, 69 monitoring wells, and three spring locations (Knarly Spring, Parsons Spring, and
HWMU 16 Spring) across the HSA (see Figure 3-38). The monthly water elevation
measurements are listed in Table 4-2. The groundwater elevation data was used to create
bedrock and alluvium groundwater contour maps for the eastern, central, and SWMU 31 areas
within the HSA, which allows for a more accurate interpretation of the groundwater gradients
within these distinct hydrologic units than that previously presented by others (Parsons, 1996)
(Refer to Section 3.4.2). Figures 4-1 and 4-2 show the HSA groundwater elevation contours in
the three areas monitored in September 2002 and September 2003, respectively. Individual maps
showing the monthly groundwater contours in each of the three areas are in Appendix B as
Figures B1 through B60. Although the elevation of the water table changes slightly with
precipitation, the similarity in the shape of the contour maps from month-to-month illustrates the
lack of seasonal groundwater divides.

The water table in the HSA strongly parallels the topographic relief in areas where monitoring
wells are present. It is presumed that the remaining areas without monitoring wells follow the
same pattern (see Section 6.0 — Recommendations). The flow direction and groundwater
gradient in the eastern horseshoe area bedrock and alluvium are similar, but slightly offset from
each other, indicating that groundwater in the bedrock is under confined (or semi-confined)
conditions in this area. Both the bedrock wells and the alluvium wells suggest flow radiating to
the east, southeast, and south towards the river from the topographic high in the vicinity of
SWMU 51. Toward the east, between SWMU 51 and SWMU 54, the water table drops
approximately 100 ft over a distance of approximately 3,600 ft before reaching the river (an
average gradient of 148 ft/mi). The gradient to the south is much steeper than the gradient to the
east, following topography. The water table between SWMU 51 and SWMU 13, drops
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Table 4-1
HSA Hydrology Monitoring Locations

HHWMU 13 13MW1 319276 1410626 1698.70
13MW2 319195 1409898 1701.20

13MW3 318977 1409732 1693.40

13MW4 319015 1410103 1695.20

13MWS5 319026 1410475 1695.30

13MW6 319091 1410872 1693.80

13MW7 319115 1411091 1693.80

HWMU 16 16-1 320826 1410333 1836.78
' 16-2 320669 1410575 1808.78
16-3 320256 1410509 1823.83

16-4 320193 1409906 1835.35

16-5 320912 1411054 1740.03

Cl1 320440 1409888 1838.36

2% 320561 1410410 1805.20

3 320285 1410383 1819.22

C4 3200356 1410230 1826.84

CDH?2 320207 1410448 1817.96

CDH3 1823.10

WCI1-A 320490 1410423 1812.61

WCI-B 320504 1410431 1812.95

WC2-A 320667 1410367 1818.05

WC2-B 320671 1410379 1818.71

MWS8 320634 1410412 1815.82

MW9 320560 1410421 1808.88

SWMU 26 Bl 320426 1406356 1858.08
BIR 320436 1406369 1856.5

B2 320571 1405159 1771.13

B3 320683 1405335 1766.43

B4* 320706 1405492 1763.71

BDH?2 320682 1405739 1784.88

BDH3 320383 1405761 1826.52

SWMU 28 28MWI 320867 1409937 1825.86
28MW2 320819 1409558 1820.26

SWMU 29 FAL2 319865 1410950 1758.38
FAL3 320016 1411227 1759.64

WELL7 320469 141115} 1766.75

WELLS 319871 1410942 1757.57

WELLY9 320020 1411235 1759.19




Table 4-1

HSA Hydrology Monitoring Locations

1 Eley;;tipn—.g
SWMU 31 31IMWI 319116 1397410
3IMW?2 319485 1397410 1697.55
31MW3 319382 1397251 1697.20
31MW4 319208 1397041 1697.20
SWMU 32 32MW1 321024 1404615 1736.97
SWMU 39 39MWI 321074 1403786 1702.23
39MW2 321394 1403557 1700.84
39MW3 321331 1403324 1700.19
39MW4 321230 1403485 1701.99
39MWS 321302 1403366 1700.55
39MW6 321343 1403392 1700.26
39MW7 321350 1403684 1701.9
39MW8 321129 1403393 1699.2
SWMU 48 48MW4 319855 1409418 1831.15
SWMU 49 48MW1 319673 1409674 1818.52
48MW?2 319425 1409712 1817.48
48MW3 319441 1409908 1810.8
SWMU 51 SIMWI 320088 1409683 1821.72
SIMW?2 320038 1409894 1833.36
SWMU 54 54MWI1A 321277 1412357 1704.74
S4MW1 321307 1412356 1706.47
54MW2 321226 1412712 1700.08
54MW3 321320 1412765 1700.85
54MW4 321673 1412629 1696.18
SWMU 74 T4MW1 321257 1411357 1733.39
7AMW2 321212 1410660 1807.87
74MW3 321154 1411222 1732
74MW4 321284 1411567 1733.55
7T4MWS 321469 1411351 1735.89
74MW6 321717 1411086 1733.61
74MW7 321737 1411075 1733.78
Bridge 319898 1405352 1750.90
Intake 319704 1397077 1676.94
Knarly Spring (btm weir) 322422 1403443 1673.86
Parsons Spring (btm weir) 314116 1398689 1693.51
HWMU 16 Spring (btm weir) 320995 1411041 1732.49

Note: Survey results from Draper Aden Associates, Blacksburg, VA (2002) are shown with 4 decimal
places in the eastings and northings.

ft MSL - feet above mean sea level

ft TOC — feet below top of casing

* Top of casing elevations were not included in the boring logs for these wells (B4 and C2). These

elevations are the ground surface elevations for these wells.

! - Coordinates given in Virginia State Planar System, North American Datum 1927.



approximately 100 ft over a linear distance of approximately 1,200 ft before reaching the river
(an average gradient of 438 ft/mi).

The groundwater gradient in the central Horseshoe Area is shallow and the flow direction trends
northwest from the area near monitoring wells B2 and B4 toward SWMU 39. The water table
drops approximately 10 ft over a linear distance of about 1,400 ft (a gradient of 37 ft/mi)
between wells B2 and 39MW-1. A large thrust fault has been identified to the southwest of the
monitoring wells in the central HSA. It is unclear what effect this fault has on the water table
due to the lack of monitoring wells to the southwest of the fault (see Section 6.0 —
Recommendations).

The groundwater flow direction at SWMU 31 is to the northwest. The water table drops
approximately 6.5 ft over a linear distance of about 400 ft before reaching the river (an average
gradient of 85 ft/mi). The shallow gradient is consistent with the shallow relief of the topology
of the flood plain for the New River.

4.3 SHORT DURATION WELL TESTS

Short duration well tests were conducted prior to the start of the long-term groundwater level
survey. The purpose of the modified well tests was to assess the degree of interconnectedness of
wells screened in bedrock to fractures and/or conduits in the bedrock aquifer. Data gathered
during the well tests provided information on the suitability of each well for long-term
groundwater level survey. Higher, sustained pumping rates were presumed to indicate that the
well was adequately connected to the fracture/conduit network. Additionally, the well tests
contributed useful information on hydraulic characteristics of the bedrock aquifer. As an
estimate, sustained (minimum two-hour test) pumping rates of >1.0 gpm for 2-in. wells and >4.0
gpm for 4-in. wells were considered to indicate sufficient interconnectedness.

The first step in conducting the well tests was calculation of the volume of groundwater in
borehole storage and in the filter pack (sum = one well volume). Once the volume was
calculated, the pump was set near the bottom of the well. A Levelogger® pressure transducer
(see Section 4.4 for description) was set in the well above the pump to record drawdown in the
well during the test; manual readings of the drawdown were also taken during the tests using an
electronic water level meter. The flow rate was measured at frequent intervals by timing the
discharge into a fixed volume (i.e., ] liter measuring cup) and the pumping rate was adjusted
until a stable water level within the screened interval was achieved, indicating the maximum
pumping rate had been established. The groundwater quality parameters temperature, pH,
conductivity, turbidity, DO, oxidation-reduction potential, and total dissolved solids were
recorded at frequent intervals using a flow-through cell.

The pump was shut off at the completion of the drawdown test. Recovery was measured both
manually and with the pressure transducer. Manual recovery measurements continued for
approximately 30-60 minutes or until the water levels had recharged to within 90 percent of the
static level at the beginning of the test. The pressure transducer was left in place overnight to
record the total recovery time.

Water generated during the aquifer testing was temporarily stored in a 500-gallon tank and later
staged at the nitroglycerin (NG) production area. Upon completion of the well tests, the water

Radford Army Ammunition Plant
Current Conditions Report
44 Dratt



-~

Table 4-2
Radford Army Ammunition Plant
Monthly Groundwater Elevations
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1 y Tt £ i 52 : | 6154 ()] iennny 01766 1doy) e DR stt] S S DRV Sl er 61 e6(dy 1t [ HEm Ry R By
1818.71 . 1763.24 1763.18 1762.98 1763.24 1765.28 53.34 1765.37 51.75 1766.96 1767.51 50.59 1768.12 50.53 1768.18 48.41 1770.30 A
SNELLT ks siiinskoeenid st 76T o o206 ma ] st 740 2 s s S0sve | 01730 84 e | 72074 sa |27 F0 i SEATI0 AT 19 S 74098 {26,047 el 74D SR MR UHIDE MR R Lm 74 a0 ] 674 TR AT B0 | SHTAESTRFEon 74200 AR gs Tre Ry 4
WELL 8 1757.57 35.81 1721.76 35.86 172171 35.85 1721.72 35.89 1721.68 1721.88 35.72 1721.85 3546 1722.11 1721.98 1722.01 35.59 1721.98 25202 1722.35 35.48 1722 09
VYT LI ueR st .| St TH0 A0 ] AT Ty ) e Ve | SAT 08 A0Y) | oI SEAT OB (O Ve DAY i) o AT st R L1208 55RO | a7 A0 %ey) Vi | B DR TA50) | SYADR DAY i AT T e L R PR e B LR en Ry Ry Bapry
Bridge 1750.90 69.75 1681.15 70.15 1680. 75 69.05 1681.85 NA NA NA NA NA 66.92 1683.98 1682.14 1682.71 65.61 1685.29 67.03 1683.87 66.85 1684.05
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Knarly Spring (btm weir) 1673.86 NA NA 0.54 1674.40 1.35 1575 21 2 40 1676 26 0. 86 1675.26 0.45 1674.31 1.28 1675.14 1673.86 1.14 1675.00 1.46 1675.32 1.54 1675.40 1.56 1675.42
HWMU 16 Spring (btm weir) 1732.49 NA NA 1.22 173371 1.26 1733.75 1 42 1733.91 1.36 1733.50 138 1733.87 1.48 1733.97 1734.05 1.53 1734.02 211 1.54 173403 1.55 1734.04

** The top of screen is at the top of rock.
“= The bottom of screen is at the lop of rock.
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was analyzed to assess the disposal options in conjunction with investigation derived material
(IDM) requirements.

The modified 2-hour drawdown tests were performed on a total of 15 monitoring wells during
July and August 2002, including:

B-3 13MW-2 IZMW-1 48MW-1 54MW-1
WC-2B 28MW-2 39IMW-1 48MW-2 S54MWw-4
16-5 IIMW-1 39MW-2 48MW-3 74MW-7

Note: Bold font indicates the wells selected for long-tern monitoring.

Using information gathered during the tests, six (B-3, 31MW-1, 32MW-1, 39MW-1, 54MW-4,
and 74MW-7; indicated in bold italics above) of the 15 wells were selected for long-term
groundwater level survey based on the results of distance-drawdown and time-drawdown graphs

These six wells had sustainable flows capable of producing pumping/recharge curves used in
estimating transmissivity. Aqtesolv® Version 3.0, a widely-used computer program for
calculating hydraulic properties in aquifers, utilized various solution methods to perform curve
matching analysis on the results of each well test to estimate transmissivity. The tests and
calculated transmissivities are summarized in Table 4-3 and estimated flow rates.

Table 4-3. Pumping Test Results and Transmissivity Estimates

WellLocation Analytical | Final Flow Rate Transmissivity
Solution gpm ft’/min ft’/day gal/day/ft

B-3 Neuman 1.5 2.6E-02 37.9 283.8
3IMW-1 Moench 0.3 1.2E-03 1.8 13.3
32MW-1 Moench 0.2 9.0E-05 0.1 1.0
39MW-1 Neuman 2.2 9.6E-02 137.7 1030.0
54MW-4 Neuman 1.6 6.8E-03 9.8 73.1
74MW-7 Neuman 1.5 1.1E-02 16.1 120.1

The Theis (Theis, 1935) solution corrected for unconfined aquifers was used initially to provide
a baseline for continued analysis. The Neuman unconfined aquifer solution (Neuman, 1975)
provided the best match for most data sets and was ultimately selected as the solution for B-3,
54MW-4, 74AMW-7, and 39MW-1. The analytical solution derived by Neuman assumes
unsteady flow to the well and delayed gravity response. This type of flow would be expected in
wells which intersect karst voids, fractures, and faults.

Type curve adjustment for the Neuman unconfined aquifer solution involves four hydraulic
parameters, and is accomplished through Type A and Type B curve analysis. Type A curves are
matched to early drawdown data and Type B curves are fit to the late drawdown data. Because
the pumping test periods were relatively short, Type A curves were used. Corrections for partial
penetration of the test wells within the aquifer were factored into the solutions. The Neuman
solution provided matching curves for four of the six wells (B-3, 39MW-1, 54MW-4, and
TAMW-7).

The Theis and Neuman solutions did not provide satisfactory curve matches for the 31MW-1 and
32MW-1 data sets, and, as a result, the Moench solution (Moench, 1997) was utilized for these
two wells. The analytical solution derived by Moench assumes unsteady flow and delayed
gravity response similar to Neuman, however, the Moench solution also assumes a large
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diameter well (i.e., wellbore storage). Low flow rates of 1 liter per minute or less were not
possible at 31IMW-1 and 32MW-1, therefore the large diameter effect is likely a valid
assumption for these wells.

44 LONG-TERM GROUNDWATER LEVEL SURVEY

The Solinst Levelogger™ pressure transducer was selected for the long-term groundwater level
survey. The Levelogger™ is a miniature, stainless steel, fully submersible, self-contained
instrument used to automatically read and record water levels through changes in hydraulic
pressure above the instrument. The instrument is also capable of reading and recording
temperature and conductivity. The data-logger can be set to record at intervals ranging from
every 0.5 seconds to 99 hours. Each unit can store 16,000 measurements.

The following procedure was used to install the transducers and download the data:

e Remove the well cap check the headspace for organic vapors in accordance with
Standard Operating Procedure 30.2;

e Manually measure and record the water level in the well;

e Program the transducer with the proper identification information, the start day and
time, and measurement interval;

e Attach the transducer to a small-diameter cable, rope or fishing line of sufficient
length to reach the bottom of the well or a pre-measured depth based on the water
level;

e Lower the transducer down the well to the pre-measured depth. If there is a pump in
the well, the transducer will be lowered to a point either above or below the pump
depending on the pump depth and water level. The depth of the transducer will be
selected so as not to interfere with the operation of the pump (Note: Operation of the
pump will not affect operation of the transducer. The pump may need to be
temporarily removed if the transducer is placed below the pump.);

e Tie-off the transducer at the top of the well casing using a clasp, eye-bolt, or some
other means to secure the transducer and prevent tampering; and,

e On a monthly basis, download data from the transducers to a lap top computer. Data
is retrieved from the transducer by removing it from the well, placing it in an optical
reader, stopping the automatic data recorder, and downloading the memory. The
water level 1s manually recorded before and after the transducer is removed from the
well. After downloading the memory, the automatic data recorder is re-started and
the transducer 1s placed back into the well.

4.4.1 Transducer Measurements in Selected Monitoring Wells

The Levelogger™ transducers installed in the monitoring wells selected for the long-term
groundwater level survey were programmed to record water level (ft), temperature (°C), and
conductivity (1S/cm) data at 15-minute intervals (96 measurements/day). The 15-minute
interval was chosen to provide a sufficient level of detail in capturing relatively rapid changes in
the groundwater system while maintaining a manageable data set.

The transducers were installed in the selected wells in August 2002 and began recording data.
Although the August 2002 data is available (see Appendix C), the following discussions, tables,
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and figures are limited to the period September 2002 through September 2003 because the
transducers did not record a full month’s worth of measurements in August 2002. Appendix C
contains the complete dataset in electronic (Microsoft Excel) format.

4.4.2 Bedrock Monitoring Wells

Based on the results of the short duration well tests, six bedrock wells within the HSA were
identified as suitable for the long-term groundwater level survey. Transducers were installed in
the wells to record both relatively rapid and seasonal changes within the shallow bedrock
aquifer. The information gathered during the investigation was also useful in examining the
interactions between surface waters (e.g., precipitation events, New River) and groundwater and
will be discussed below.

In addition to the hydrogeologic characteristics of the well, the following criteria were also
considered when selecting the bedrock monitoring wells for this study:

e Bedrock well screens are to be at or below the mean annual New River water
elevation of approximately 1,676 ft msl;

o If possible, selected wells should intersect large solution features or fractures noted
in boring logs and confirmed through the modified well tests;

» Wells should be located along photolineaments or faults;

e At least one well location should be used as a control well. The well should not be
influenced by fractures, conduits, or photolineaments as confirmed by modified well
test; and,

e Locations should be distributed across the entire HSA (see Figure 4-3 for the
distribution of transducer locations [Wells with transducers are shown in larger font.
The color indicates whether it is a bedrock or unconsolidated well]).

The geological characteristics of the six wells identified during the short duration well tests with
regard to the criteria listed above are summarized in Table 4-4 below.

4.42.1 Monitoring Well B-3

Monitoring well B-3 was selected for the long-term groundwater level survey based on the
results of the short duration well test and the criteria listed in Table 4-4 above. A hydrograph
covering the period September 2002 through September 2003 was created using the
Levelogger® data downloaded from B-3. The hydrograph, showing the daily average water
elevation (uncorrected for barometric pressure), temperature, and conductivity plotted against
daily total precipitation, is provided as Figure 4-4. A brief data summary of the daily average
maximums, daily average minimums, and monthly averages is provided as Table 4-5. The
complete data set downloaded from the Levelogger® transducer in B-3 is included in Appendix
C. Note that due to replacement of the supporting cable in November 2002 and change in
transducer elevation, the hydrograph and groundwater elevation data have been normalized using
a correction factor.

The maximum and minimum monthly average groundwater elevations recorded in well B-3
during the long-term groundwater level survey were 1,699.27 ft msl (July 2003) and 1,687.24 ft
ms! (September 2002). The maximum monthly average water elevation was the result of heavy
rains during June and July. The minimum monthly average for the study period occurred as
result of an extended drought in the area as reflected by a minimal amount of precipitation in

Radford Amrmy Ammunition Plant
Current Conditions Report

411 Draft q 2



Table 4-4. Wells Satisfying Bedrock Geology and Geographic Criteria

B-3

54MW-4

bottom depth
(New River Stage
is approximately

- - W- 4 -
Elements (SWMU 26) 3IMW-1 32MW-1 3I9MW-1 (Control Well) 7TAMW-7
Top of screen 42 ft. below top | Top of Bedrock |51 ft. below 22.89 ft below | 6.52 ft. below 15 ft. below top
of bedrock bedrock bedrock top of bedrock | of bedrock
Well screen 1675.09 ft msl [1665.04 ft msl ]1649.4 ft msl 1662.83 ft msl | 1651.18 ftmsl | 1664.9 ft msl

photolineament

fault or fracture
trace

photolineament

photolineament

1674 ft msl)
Geographic Central portion | Northwest area |Central portion [Central portion |Eastern portion | Eastern portion of]
Location of HSA, 600 ft |of the HSA, 350|of HSA, 1150 ft |of HSA, 1100 ft jof HSA, 400 ft | HSA, 1800 ft
from New River| ft from the New |from the New |fromthe New |from New River |from New River
River River River
Boring Log Insufficient Well screened in|Flowing water | No boring log | Insufficient Screen set in
Description geologic weathered encountered at |available geologic slightly
description in  |limestone 77 ft bgs, screen description in weathered to
boring log set from 72-87 ft boring log weathered
bgs dolomite, no
fractures noted
Well Location Near a fault and | Near a major Near a major Near a major No current Near the junction

known geologic
features near
well

of two
photolineaments

preceding months. As shown on the hydrograph (see Figure 4-4), the maximum daily average
elevation (1,704.19 ft msl), occurred on June 20, 2003, in response to 5.47 in. of rain in the
preceding 10 days. Numerous other spikes in groundwater elevation in response to precipitation
can be seen on the hydrograph. The spikes typically occur within two to three days following a
major precipitation event, suggesting rapid communication between the ground surface and
subsurface. The minimum daily average elevation 1,686.82 ft msl, was recorded on September

27, 2002.

The groundwater temperature recorded, in the well, demonstrated slight changes over the course
of the investigation. The difference between the daily maximum and minimum temperature
recorded in the well over the period was less than 0.5°C. The warmest monthly average
temperatures, 13.4°C (56.1°F) occurred in July 2003. The coldest monthly average temperature,
13.2°C (55.8°F), occurred in September 2002.

Conductivity in monitoring well B-3 is fairly consistent throughout the study period; however,
conductivity rises and falls inversely to precipitation. During periods with little to no rainfall,
the conductivity trend increases or plateaus and drops in response to precipitation events as
shown on Figure 4-4. The highest recorded daily average conductivity, 1.1859 uS/cm, was
recorded on June 9, 2003. The minimum recorded daily average conductivity, 0.7178 uS/cm,
was recorded on November 18, 2002, and occurred in response to 2.77 in. of rain in the
preceding 7 days. The increase in tresh water in the fractures would dilute conductive ions
present in the fractures and well.
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Figure 4-4
B-3 Hydrograph
Daily Averages September 2002 - September 2003
Radford Army Ammunition Plant, Radford VA
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Table 4-5
Transducer Data Summary

Well B-3
Elevation (ft msl) Temperature (°C) Conductivity (mS/cm)

Month Daily Average Daily Average Monthly | Daily Average Daily Average Monthly Daily Average Daily Average | Monthly

MAX MIN Average MAX MIN Average MAX MIN Average
Sep-02 1687.60 1686.82 1687.24 13.3 13.2 13.2 1.0509 0.8992 1.0240
Oct-02 1688.15 1687.08 1687.63 13.3 13.2 13.2 1.0224 0.8151 0.9787
Nov-02 1689.50 1687.75 1688.82 13.3 13.2 13.2 1.0147 0.7178 0.8758
Dec-02 1690.91 1688.07 1689.22 13.3 13.2 13.2 1.0334 0.8226 0.9666
Jan-03 1690.82 1688.93 1690.05 13.3 13.2 13.2 1.0530 0.8741 1.0064
Feb-03 1697.23 1687.89 1690.34 13.3 13.2 13.2 1.0537 0.8002 1.0244
Mar-03 1696.62 1693.50 1694.62 13.3 13.2 13.3 1,0530 0.8368 0.9881
Apr-03 1696.80 1692.96 1694.99 13.3 13.2 13.3 1.0526 0.7779 0.9517
May-03 1694.70 1692.57 1693.62 13.3 13.2 13.3 1.0989 0.9069 1.0444
Jun-03 1704.19 1693.79 1698.49 13.4 13.3 13.3 1.1859 1.0078 1.0939
Jul-03 1702.05 1696.45 1699.27 13.4 13.3 13.4 1.0388 ' 0.9748 0.9942
Aug-03 1698.11 1695.65 1696.52 13.4 13.3 13.3 1.0058 0.9555 0.9932
Sep-03 1695.09 1692.75 1693.77 13.3 13.3 13.3 1.0594 1.0050 1.0519




4.4.2.2 Monitoring Well 31MW-1

Monitoring well 31MW-1 was selected for the long-term groundwater level survey based on the
results of the short duration well test and the criteria listed in Table 4-4 above. A hydrograph
covering the period September 2002 through September 2003 was created using the
Levelogger® data downloaded from 31MW-1. The hydrograph, showing the daily average
water elevation (uncorrected for barometric pressure), temperature, and conductivity plotted
against daily total precipitation, is provided as Figure 4-5. A brief data summary of the daily

average maximums, daily average minimums, and monthly averages is provided as Table 4-6.
The complete data set downloaded from the Levelogger® transducer in 31MW-1 is included in
Appendix C. Note that due to replacement of the supporting cable in November 2002 and
change in transducer elevation, the hydrograph and groundwater elevation data have been
normalized using a correction factor.

The maximum and minimum monthly average groundwater elevations recorded in well 31MW-1
during the long-term groundwater level survey were 1,687.95 ft msl and 1,681.19 ft msl,
respectively. The highest monthly average groundwater elevation was observed in June 2003
due to unusually heavy rains during the month. The lowest monthly average was recorded in
September 2002 as a result of an extended drought in the area as reflected by a minimal amount
of precipitation in August (approximately 0.72 in.). As shown on the hydrograph (see Figure
4-5), the maximum daily elevation (1,693.70 ft msl), occurred on June 20, 2003, in response to
5.47 in. of rain in the preceding 10 days. On July 2, 2003, 2.22 in. of rain fell which raised the
water table to the second highest daily level, 1,691.56 ft msl. The minimum daily elevation,
1,680.64 ft msl, was recorded on September 11, 2002.

The groundwater temperature recorded in the well showed very little change over the course of
the investigation. The difference between the daily maximum and minimum temperature
recorded in the well over the period was 1.0°C. The warmest monthly average temperatures,
13.5°C (56.3°F) occurred in late spring (April and May 2003). The coldest monthly average
temperature, 13.0°C (55.4°F), occurred in November 2002.

Except for a spike in June and July 2003, the conductivity levels remained fairly constant
throughout the course of the investigation. The highest conductivity levels were found in June
2003 (maximum: 1,153.2 uS/cm) with the peak occurring approximately one week before the
largest peak in water elevation. An increase of this type is expected when the conduit carrying
active flow is flushed of resident water and is characterized by an initial peak in conductivity,
then a gradual decrease corresponding with increased flow.

4.4.2.3 Monitoring Well 32MW-1

Monitoring well 32MW-1 was selected for the long-term groundwater level survey based on the
results of the short duration well test and the criteria listed in Table 4-4 above. A hydrograph
covering the period September 2002 through September 2003 was created using the
Levelogger® data downloaded tfrom 32MW-1. The hydrograph, showing the daily average
water elevation (uncorrected for barometric pressure), temperature, and conductivity plotted
against daily total precipitation, is provided as Figure 4-6. A data gap occurs between February
11,2003, and March 11, 2003, because of a data download error from the transducer. A brief
data summary of the daily average maximums, daily average minimums, and monthly averages
is provided as Table 4-7. The complete data set downloaded from the Levelogger® transducer
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Elevation (ft msl)

Figure 4-5
31MW-1 Hydrograph
Daily Averages September 2002 - September 2003
Radford Army Ammunition Plant, Radford VA
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Table 4-6
Transducer Data Summary
Well 31MW1
Elevation (ft msl) Temperature (°C) Conductivity (mS/cm)

Month Daily Average | Daily Average | Monthly | Daily Average | Daily Average | Monthly | Daily Average | Daily Average [ Monthly

MAX MIN Average MAX MIN Average MAX MIN Average
Sep-02 1682.16 1680.64 1681.19 13.1 12.9 13.1 0.6683 0.6643 0.6664
Oct-02 1683.12 1681.46 1682.03 13.1 12.9 13.1 0.6706 0.6621 0.6664
Nov-02 1683.20 1681.49 1682.58 13.2 12.5 13.1 0.6628 0.6398 0.6480
Dec-02 1683.10 1681.23 1682.19 13.3 12.9 13.2 0.6560 0.6399 0.6477
Jan-03 1682.77 1681.33 1681.87 13.4 13.0 13.3 0.6551 0.6376 0.6455
Feb-03 1685.38 1680.89 1682.89 13.4 13.1 13.3 0.6590 0.6342 0.6478
Mar-03 1684.37 1681.51 1682.46 13.5 13.1 13.4 0.6434 0.6310 0.6369
Apr-03 1683.32 1681.43 1682.09 13.5 13.1 13.5 0.6648 0.6394 0.6531
May-03 1682.31 1680.80 1681.57 13.6 13.2 13.5 0.6780 0.6379 0.6635
Jun-03 1693.70 1681.91 1687.95 13.5 13.3 13.4 1.1532 0.6219 0.9573
Jul-03 1691.56 1682.08 1684.28 13.4 13.1 13.3 1.0384 0.6276 0.7127
Aug-03 1683.10 1681.77 1682.36 13.4 13.0 13.3 0.6814 0.6055 0.6399
Sep-03 1681.80 1680.92 1681.38 13.4 13.0 13.3 0.6524 0.6391 0.6483




Water Level (ft msl)

Figure 4-6
32MW1 Hydrograph
Daily Averages September 2002 - September 2003
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Table 4-7
Transducer Data Summary
Well 32MW1
Elevation (ft msl) Temperature (°C) Conductivity (mS/ecm)
Month DallyMA‘\\/;(zrage Daily I\,Ill’\l\;‘;erage ,It\\n:elj—tahg:z DallyM»;v;rage Daily I\;‘I’\I\l/\lerage Zn:er:'tah;\e( Daily Average MAX|Daily Average MIN r:;tahs:z
Sep-02 1680.23 1678.48 1678.97 12.8 12.7 12.7 0.6092 0.5452 0.5845
Oct-02 1679.89 1679.00 1679.34 12.7 12.7 12.7 0.6059 0.5959 0.6037
Nov-02 1680.52 1676.54 1678.72 12.7 12.6 12.7 0.6060 0.5328 0.5675
Dec-02 1678.76 1676.71 1677.55 12.7 12.6 12.7 0.5370 0.5241 0.5290
Jan-03 1678.34 1676.66 1677.32 12.7 12.6 12.7 0.5240 0.4927 0.5065
Feb-03 1676.97 1676.16 1676.50 12.7 12.7 12.7 0.4920 0.4860 0.4877
Mar-03 1679.14 1677.97 1678.63 12.8 12.6 12.7 0.4983 0.4952 0.4974
Apr-03 1681.84 1678.29 1679.63 12.8 12.7 12.8 0.5484 0.4808 0.4920
May-03 1678.80 1677.67 1678.30 12.8 12.6 12.8 0.4910 0.4818 0.4878
Jun-03 1684.76 1678.22 1681.05 12.8 12.7 12.8 0.5042 0.4876 0.4960
Jul-03 1682.57 1678.03 1679.78 12.8 12.7 12.8 0.5034 0.4959 0.4987
Aug-03 1680.55 1678.22 1679.06 12.8 12.7 12.8 0.4956 0.4904 0.4924
Sep-03 1678.28 1677.08 1677.57 12.8 12.7 12.8 0.4912 0.4821 0.4888




in 32MW-1 is included in Appendix C. Note that due to replacement of the supporting cable in
November 2002 and change in transducer elevation, the hydrograph and groundwater elevation
data have been normalized using a correction factor.

The maximum and minimum monthly average groundwater elevations recorded in well 32MW-1
during the long-term groundwater level survey were 1,681.05 ft msl and 1,676.50 ft msl,
respectively. The highest monthly average groundwater elevation was observed in June 2003
due to unusually heavy rains during the month. The lowest monthly average was recorded in
February 2003 as a result of an extended drought in the area as reflected by a minimal amount of
precipitation in the preceding three months. As shown on the hydrograph (see Figure 4-6), the
maximum daily elevation (1,684.76 ft msl), occurred on June 20, 2003, in response to 5.47 in. of
rain in the preceding 10 days. On July 2, 2003, 2.22 in. of rain fell which raised the water table
to the second highest daily level, 1,682.57 ft msl. The minimum daily elevation, 1,676.16 ft msl,
was recorded on February 11, 2003.

The groundwater temperature recorded in the well showed very little change over the course of
the investigation. The difference between the daily maximum and minimum temperature
recorded in the well over the period was less than 0.5°C. The warmest monthly average
temperature, 12.8°C (55.0°F), occurred in September 2003. The coldest monthly average
temperature, 12.7°C (54.9°F), occurred in November 2002. Monthly changes in temperature
correspond to removal of the transducer during monitoring events.

The maximum and minimum monthly average conductivity values recorded in well 32MW-1
during the long-term groundwater level survey were 0.6037 uS/cm (October 2002) and 0.4877
puS/cm (February 2003), respectively. The highest daily average conductivity measurement,
0.6092 uS/cm, was recorded on September 30, 2002, following a precipitation event of
approximately 0.5 in. The lowest daily average measurement, 0.4808 uS/cm, occurs on April 9,
2003, following 1.36 in. of rain over a three day period. Conductivity values show a generally
increasing trend from September 2002 through November 2002, a decreasing trend from
November 2002 to February 2003, and minimal change during the remainder of the monitoring
period. The large precipitation events in June and July 2003, which caused a marked spike in
conductivity values in monitoring well 31MW-1, do not appear to have had an effect on the
conductivity in monitoring well 32MW-1. This would suggest that this well is not connected to
the karst network, which would allow precipitation to affect the readings taken by the transducer.

4.4.2.4 Monitoring Well 39MW-1

Monitoring well 39MW-1 was selected for the long-term groundwater level survey based on the
results of the short duration well test and the criteria listed in Table 4-4 above. A hydrograph
covering the period September 2002 through September 2003 was created using the
Levelogger® data downloaded from 39MW-1. The hydrograph, showing the daily average
water elevation (uncorrected for barometric pressure), temperature, and conductivity plotted
against daily total precipitation, is provided as Figure 4-7. A data gap occurs between July 9,
2003, and August 11, 2003, because of a data download error from the transducer. A brief data
summary of the daily average maximums, daily average minimums, and monthly averages is
provided as Table 4-8. The complete data set downloaded from the Levelogger® transducer in
39MW-1 is included in Appendix C. Note that due to replacement of the supporting cable in
November 2002 and change in transducer elevation, the hydrograph and groundwater elevation
data have been normalized using a correction factor.
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Figure 4-7
39MW-1 Hydrograph
Daily Averages September 2002 - September 2003
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Table 4-8
Transducer Data Summary
Well 39MW-1

Elevation (ft msl)

Temperature (°C)

Conductivity (mS/cm)

Month Daily Average | Daily Average | Monthly Daily Average Daily Average Monthly Daily Average Daily Average Monthly
MAX MIN Average MAX MIN Average MAX MIN Average
Sep-02 1694.48 1692.30 1692.78 12.3 12.0 12.1 0.3380 0.2460 0.2821
Oct-02 1693.76 1692.67 1692.99 12.6 12.1 12.4 0.3435 0.2600 0.2788
Nov-02 1694.11 1690.68 1692.65 13.1 12.5 12.8 0.3985 0.2812 0.3476
Dec-02 1692.78 1690.97 1691.79 13.4 13.0 13.2 0.3722 0.2838 0.3337
Jan-03 1692.39 1690.37 1691.20 13.4 13.1 13.3 0.3579 0.2611 0.3084
Feb-03 1697.46 1690.30 1692.56 13.3 11.4 13.0 0.3419 0.2050 0.2720
Mar-03 1694.10 1691.25 1692.37 12.7 12.4 12.6 0.3307 0.2959 0.3159
Apr-03 1695.60 1691.88 1693.00 12.4 11.8 12.1 0.3210 0.2269 0.2992
May-03 1692.04 1691.13 1691.61 12.0 11.6 11.8 0.3073 0.2755 0.2959
Jun-03 1696.07 1691.28 1693.64 11.6 11.2 115 0.3041 0.1995 0.2728
Jul-03 1695.71 1692.81 1694.31 11.6 11.5 11.5 0.3304 0.2553 0.2950
Aug-03 1693.54 1691.31 1692.09 12.1 11.7 12.0 0.3127 0.2897 0.3055
Sep-03 1692.02 1691.07 1691.48 12.6 12.0 12.3 0.3247 0.2955 0.3090




The maximum and minimum monthly average groundwater elevations recorded in well 39MW-1
during the long-term groundwater level survey were 1,694.31 ft msl and 1,691.20 ft msl,
respectively. The highest monthly average groundwater elevation was observed in July 2003 due
to unusually heavy rains during June and July. The lowest monthly average was recorded in
January 2003 as a result of an extended drought in the area as reflected by a minimal amount of
precipitation in preceding months. As shown on the hydrograph (see Figure 4-7), the maximum
daily elevation (1,697.46 ft msl), occurred on February 24, 2003, in response to 2.37 in. of rain in
the preceding three days. Numerous other spikes in groundwater elevation in response to
precipitation can be seen on the hydrograph. The spikes typically occur within one to two days
following a major precipitation event, suggesting rapid communication between the ground
surface and subsurface. The minimum daily elevation, 1,690.30 ft msl, was recorded on
February 10, 2003, two weeks prior to the maximum daily average elevation.

The groundwater temperature recorded in the well showed some change over the course of the
investigation. The difference between the daily maximum and minimum temperature recorded
in the well over the period was 2.15°C. The warmest monthly average temperatures, 13.3°C
(55.9°F) occurred in January 2003. The coldest monthly average temperature, 11.5°C (52.7°F),
occurred in June 2003. In general, the temperature follows seasonal trends. Groundwater
temperatures increase through the fall and winter months as input decreases with decreasing
precipitation and then decline from winter through the remainder of the study period as increased
precipitation increases supplies of cooler groundwater to the well.

The conductivity response follows seasonal trends; increasing through the fall months of October
to December 2002; falling through the spring and summer of 2003; and increasing again toward
the fall. This trend is inverse of precipitation. In 2002, conductivity rose sharply in response to
sporadic precipitation events as the bedrock through which groundwater flowed was flushed of
sediments and possible contaminants. The highest recorded daily average conductivity, 0.3985
pS/cm, was recorded on November 15, 2002. The minimum recorded daily average
conductivity, 0.1995 nS/cm, was recorded on June 18, 2003, and occurred in response to
persistent rain events which diluted conductive ions with precipitation, which generally is much
lower in ions than waters which have a longer contact time with the subsurface.

4.4.2.5 Monitoring Well 54MW-4

Monitoring well 54MW-4 was selected for the long-term groundwater level survey based on the
results of the short duration well test and the criteria listed in Table 4-4 above. A hydrograph
covering the period September 2002 through September 2003 was created using the
Levelogger® data downloaded from 54MW-4. The hydrograph, showing the daily average
water elevation (uncorrected for barometric pressure), temperature, and conductivity plotted
against daily total precipitation, is provided as Figure 4-8. A brief data summary of the daily
average maximums, daily average minimums, and monthly averages is provided as Table 4-9.
The complete data set downloaded from the Levelogger® transducer in 54MW-4 is included in
Appendix C. Note that due to replacement of the supporting cable in November 2002 and
change in transducer elevation, the hydrograph and groundwater elevation data have been
normalized using a correction factor.

The maximum and minimum monthly average groundwater elevations recorded in well 54MW-4
during the long-term groundwater level survey were 1,685.37 ft msl and 1,680.10 ft msl,
respectively. The highest monthly average groundwater elevation was observed in July 2003 due
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Figure 4-8
54MW-4 Hydrograph
Daily Averages September 2002 - September 2003
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Table 4-9
Transducer Data Summary
Well 54MW-4

Elevation (ft msl)

Temperature (°C)

Conductivity (mS/cm)

Daily Average

Monthly

Daily Average

Daily Average

Monthly

Daily Average

Daily Average

Monthly

Month |Daily Average MAX MIN Average MAX MIN Average MAX MIN Average |
Sep-02 1681.39 1680.56 1681.02 12.0 12.0 12.0 0.8469 0.8354 0.8427
Oct-02 1681.30 1680.62 1681.07 12.0 12.0 12.0 0.8431 0.8260 0.8331
Nov-02 1681.39 1679.51 1680.80 121 12.0 12.1 0.8379 0.8093 0.8293
Dec-02 1680.69 1679.35 1680.10 12.2 12.1 12.1 0.8316 0.8178 0.8284
Jan-03 1681.19 1680.20 1680.75 12.2 12.2 12.2 0.8325 0.8276 0.8298
Feb-03 1684.07 1680.02 1681.34 12.3 12.1 12.3 0.8352 0.8161 0.8316
Mar-03 1683.97 1682.08 1683.19 12.4 12.1 12.3 0.8336 0.8012 0.8301
Apr-03 1685.29 1683.00 1684.10 12.3 12.2 12.2 0.8378 0.8337 0.8365
May-03 1683.91 1682.68 1683.31 12.2 12.1 12.1 0.8367 0.8249 0.8347
Jun-03 1686.82 1682.80 1684.71 12.1 12.0 12.0 0.8341 0.8314 0.8326
Jul-03 1686.80 1684.17 1685.37 12.1 11.9 12.0 0.8320 0.8211 0.8272
Aug-03 1684.73 1682.68 1683.64 12.1 11.9 11.9 0.8270 0.8165 0.8260
Sep-03 1683.52 1682.23 1682.83 11.9 11.9 11.9 0.8261 0.8244 0.8252

ol



to unusually heavy rains during June and July. The lowest monthly average was recorded in
September 2002 as a result of an extended drought in the area as reflected by a minimal amount
of precipitation in August (approximately 0.72 in.). As shown on the hydrograph (see Figure
4-8), the maximum daily elevation (1,686.82 ft msl), occurred on June 20, 2003, in response to
5.47 in. of rain in the preceding 10 days. On July 2, 2003, 2.22 in. of rain fell which raised the
water table to the second highest daily level, 1,686.79 ft msl on July 4, 2003. The minimum
daily elevation, 1,679.35 ft msl, was recorded on September 27, 2003.

The groundwater temperature recorded in the well showed very little change over the course of
the investigation. The difference between the daily maximum and minimum temperature
recorded in the well over the period was less than 1.0°C. The warmest monthly average
temperature, 12.3°C (54.1°F) occurred in March 2003. The coldest monthly average
temperature, 11.9°C (53.4°F), occurred in September 2003. In general, the temperature follows
seasonal trends. Groundwater temperatures increase through the fall and winter months, peaking
in spring, as input decreases with decreasing precipitation and then decline from spring through
the remainder of the study period as increased precipitation increases supplies of cooler
groundwater to the well.

The maximum and minimum monthly average conductivity were 0.8427 uS/cm and 0.8252
uS/cm, respectively. The highest monthly average conductivity was observed in September
2002 as a result of an extended drought in the area as reflected by a minimal amount of
precipitation in August (approximately 0.72 in.). The lowest monthly average was recorded in
September 2003 due to unusually heavy rains during June and July. The maximum daily average
conductivity (846.9 uS/cm), occurred on September 27, 2002, as a result of an extended drought
in the area concentrating conductive ions in the flow paths and well. The minimum daily
average conductivity (801.2 uS/cm) was recorded on Maich 4, 2003, as precipitation event
intensity and frequency increases, thereby diluting conductive ions with precipitation, which
generally has a lower conductivity than water with increased contact with the subsurface.

4.4.2.6 Monitoring Well 74MW-7

Monitoring well 74MW-7 was selected for the long-term groundwater level survey based on the
results of the short duration well test and the criteria listed in Table 4-4 above. A hydrograph
covering the period September 2002 through September 2003 was created using the
Levelogger® data downloaded from 74MW-7. The hydrograph, showing the daily average
water elevation (uncorrected for barometric pressure), temperature, and conductivity plotted
against daily total precipitation, is provided as Figure 4-9. Two gaps were identified in the data
set. The first data gap is due to a malfunctioning transducer which failed to record temperature
and conductivity data for September and October 2002. The malfunctioning transducer was
replaced in mid-November 2002. The second data gap occurs in the water level data set starting
in mid-November and the replacement of the transducer. An error in programming the
replacement transducer led to erroneous water level readings. The problem was corrected in
mid-December 2002 and the erroneous readings were removed from the data set. A brief data
summary of the daily average maximums, daily average minimums, and monthly averages is
provided as Table 4-10. The complete data set downloaded from the Levelogger® transducer in
74MW-7 1s included in Appendix C. Note that due to replacement of the supporting cable in
November 2002 and change in transducer elevation, the hydrograph and groundwater elevation
data have been normalized using a correction factor.
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74MW-7 Hydrograph
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Tansducer Data Summary

Table 4-10

Well 74MW-7
Elevation (ft msl) Temperature (°C) Conductivity (mS/cm)

Month Daily Average Daily Average Monthly Daily Average Daily Average Monthly Daily Average Daily Average Monthly

MAX MIN Average MAX MIN Average MAX MIN Average
Sep-02 1709.64 1709.05 1709.45 * * * * * *
Oct-02 1709.72 1709.11 1709.54 * " * * * *
Nov-02 1709.82 1709.35 1709.64 13.0 12.9 13.0 0.3792 0.3456 0.3604
Dec-02 1710.02 1709.12 1709.60 13.0 12.9 13.0 0.7317 0.3627 0.4146
Jan-03 1710.33 1709.54 1709.97 13.0 13.0 13.0 1.8416 0.3743 0.8307
Feb-03 1710.38 1709.28 1709.73 13.0 13.0 13.0 0.3751 0.3736 0.3744
Mar-03 1711.05 1710.25 1710.75 13.1 13.0 13.0 0.3742 0.3723 0.3739
Apr-03 1711.73 1710.84 1711.27 13.1 13.0 13.0 0.3745 0.3731 0.3740
May-03 1711.55 1710.76 1711.29 13.1 12.9 13.0 0.3778 0.3703 0.3754
Jun-03 1713.21 1711.28 1712.11 13.1 13.0 13.0 0.3858 0.3762 0.3799
Jul-03 1713.69 1713.00 1713.44 13.0 12.9 13.0 0.3811 0.3759 0.3806
Aug-03 1713.50 1713.01 1713.23 13.0 12.9 12.9 0.3804 0.3783 0.37931
Sep-03 1713.05 1711.86 1712.39 13.0 12.9 12.9 0.3783 0.3731 0.3767

* Transducer malfunction resulted in loss of temperature and conductivity measurements for September and October, 2002.




The maximum and minimum monthly average groundwater elevations recorded in well 74MW-7
during the long-term groundwater level survey were 1,713.44 ft msl and 1,709.45 ft msl,
respectively. The highest monthly average groundwater elevation was observed in July 2003 due
to unusually heavy rains during June and July. The lowest monthly average was recorded in
September 2002 as a result of an extended drought in the area as reflected by a minimal amount
of precipitation in August (approximately 0.72 in.). As shown on the hydrograph (see Figure
4-9), the maximum daily elevation (1,713.69 ft msl), occurred on July 26, 2003, due to unusually
heavy rains during June and July. The minimum daily elevation, 1,709.05 ft msl, was recorded
on September 27, 2002.

The groundwater temperature recorded in the well showed very little change over the course of
the investigation. The difference between the daily maximum and minimum temperature
recorded in the well over the period was less than 0.5°C. The warmest monthly average
temperature, 13.0°C (55.4°F) occurred in April 2003. The coldest monthly average temperature,
12.9°C (55.2°F), occurred in September 2003. In general, the temperature follows seasonal
trends. Groundwater temperatures increase through the fall and winter months, peaking in
spring, as input decreases with decreasing precipitation and then decline from spring through the
remainder of the study period as increased precipitation increases supplies of cooler groundwater
to the well.

The maximum and minimum monthly average conductivity were 0.8307 uS/cm and 0.3739
pS/cm, respectively. The highest monthly average conductivity was observed in January 2003
and the lowest monthly average was recorded in March 2003. The averages listed for November
2002 are not representative of full and complete readings. Conductivity shows little variation
over the course of the monitoring period except from December 26, 2002, to January 24, 2003.
During this period the conductivity increases significantly from an average of 0.3709 uS/cm in
the previous 30 days to a high of 1.8416 uS/cm on January 11, 2003, and then decreases over the
next two weeks to 0.3743 pS/cm on January 25, 2003. There is minimal precipitation during this
period and the cause for the drastic increase in conductivity is unclear.

4.4.2.7 Bedrock Well Summary

Table 4-11 summarizes the response of water level, temperature, and conductivity in bedrock
wells to precipitation. Quinlin (1989) states “cave streams in conduit-flow systems are “flashy”
as expressed between their maximum discharge and baseflow discharge. . . [and] the waters
possess low but highly variable hardness; turbidity, discharge, and sometimes temperature also
vary widely.” On the other hand less developed karst aquifers is less flashy, the response of
water quality to precipitation is slower, hardness is higher but along with turbidity, discharge,
and temperature have low variability (Quinlin, 1989). Keeping in mind, the descriptions above
are end members in the dynamic development of a karst aquifer and the HSA seems to fall
somewhere closer to the middle of the continuum.

In general, the bedrock wells responded within two to three days to significant precipitation
events, suggesting connection to the karst system and the surface. The changes in the water
levels recorded in wells and in the river can also be correlated to the discharges from the Claytor
Dam (Figure 4-18). Figure 4-18 shows the water level changes recorded in wells, springs, and
the New River in relation to daily average discharges from the dam. The water level changes
more closely match increases and decreases in dam discharges.
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Table 4-11

Well Response to Precipitation

and increasing to Sept
2003

Q .
W E Water Level Response to | Temperature Response Conductivity Figure &
ell Name - . o Response to
3 Precipitation to Precipitation s Table Number
= Precipitation
Response corresponds to Slight Response >0.5 °C Responds inversely to |Figure 4-4 Table
precipitation , lag time 2-3 d monthly responses precipitation events 4-5
B-3 corresplond to monitoring
events
Response corresponds to Slight Response, ~1.0 °C Minimal response Figure 4-5 Table
precipitation, lag time 2-3 d monthly responses except for one major 4-6
corresplond to monitoring  jincrease, from ~0.6 to
31MW-1 events 1.15 mS/cm, June
2003
Response corresponds to Slight Response to Generally increasing | Figure 4-6 Table
precipitation, lag time 2-4 d precipitation events, from Sept - Nov 2002, 4-7
seasonal variation >0.5 °C  |Generally decreasing
32MW-1 _ Nov - Feb 2003
©
s
§
O |Response corresponds to Very little response to Responds Inversely to }Figure 4-7 Table
T |precipitation, lag time 1-2 d events, -2°C with seasonal [seasonal precipitation 4-8
39MW-1 m variation trends and can spike
with precipitation
events
Response corresponds to Slight daily response Responds minimally to | Figure 4-8 Table
54MW-4 precipitation, lag time 2-4 d >1.0°C general seasonal precipitation 4-9
variation
Steady increase over study with |Minimal response to events, |Minimal response Figure 4-3 Table
increased positive response to  |Very slight Seasonal except for one major 4-10
larger precipitation events , lag |variations ~0.1 °C monthly lincrease in monthly
time 4-6 d responses corresplond to  |average from ~0.4 to
74MW-7 monitoring events 0.8 mS/cm, November
2002 - January 2003
Significant Response to Very little response to Generally decreasing Figure 4-10
precipitation, lag time 1-2 d events, significant response |from Sept 2002 - May Table 4-13
to seasonal variation 2003, increasing May -
31MW-3 Sept 2003, spike in
@ QOctober 2002
[
E Significant Response to Very little response to Generally increasing Figure 4-11
.E precipitation, lag time 1-3 d events, ~1.2°C seasonal from Sept 2002 to Jan Table 4-14
3 variation 2003, Generally
< decreasing to Juf 2003
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The exceptions to this trend are wells 74MW-7 and B-3. 7MW-7 increases gradually over one to
two months after the occurrence of large precipitation and flood events. The water level of B-3
increases sharply after large precipitation events, then declines at a much slower rate than the
karstic wells. The karstic wells initially exhibit a sharp fall in water level after a large
precipitation event as water moves through conduits, followed by a much slower fall in water
level as storage in the epikarst drains to the conduits. Well B-3 does not show the initial rapid
drop in water level, suggesting it is not experiencing karstic conduit or fracture flow.

Temperature varied slightly in response to precipitation events. Most wells had slight response
to individual precipitation events. However, seasonal variations ranged from a change of 0.5°C
to 2.0°C between the spring and fall seasons. Conductivity varies minimally to individual
precipitation events, but there is a seasonal response in most wells. Two wells, 31MW-1 and
74MW-4 had significant response to precipitation and lack of precipitation. 31MW-1 had a
significant increase in water level and conductivity after a large rain event in June 2003. 74MW -
7 had a significant increase in conductivity in January (2003) after a period of little to no rain for
approximately 20 days. B-3 conductivity trends inversely to precipitation which suggests that
the precipitation is less conductive than the resident water in the well or the conduits are flushed
by increased flow. The significance of these results is discussed in Section 5.0 — Current
Conditions.

4.4.3  Alluvial Monitoring Wells

The inclusion of two alluvial wells was recommended for the long-term groundwater level
survey. The current understanding of the hydrogeologic conditions is that the alluvial sediments
will generally either discharge directly to the New River or feed into the bedrock aquifer.

The following criteria were considered when selecting the alluvial monitoring wells for this
study:

e [ ocated within the HSA;
e Well screened within the alluvial/unconsolidated sediments;

e Well location near the New River for the purpose of monitoring effects of river stage
on the alluvial aquifer near the river;

e Well screened near the top of the bedrock, but not screened in the bedrock or across
the bedrock/alluvial interface; and,

e Wells not used for quarterly monitoring by ATK are preferred, but this was not con-
sidered a critical criterion.

Transducers were installed in the alluvial monitoring wells shown below in Table 4-12.
Monitoring well 31MW-3 is the sole well, which satisfied every criterion listed above. Although
monitoring well 54MW-3 did not satisfy many of the criteria, its location near the river in the
northeast corner of the HSA, far removed from lineaments and faults, permitted its selection. Its
distance from lineaments and faults was significant to understanding how the alluvium
responded to precipitation and river level changes without influence of potentially increased flow
to the well along the lineaments or faults.
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Table 4-12. Wells Satisfying Alluvial Geology and Geographic Criteria

Elements 31IMW-3 54MW-3

Bottom of screen Top of bedrock In the Bedrock*

Well screen bottom depth (New 1668.22 ft msl, 30 ft bgs 1670.60 ft msl, 30 ft bgs

River Stage is approximately 1674)

Geographic Location Northwest area of HSA, 50 ft Northeast area of HSA, approxi-
from New River mately 150 ft from New River

Boring Log Description of Silt, some sand, little clay, NA

Screened Interval gravel, limestone pebbles

Well Location Near a major fault or fracture Not near faults or lineaments
trace

Well Sampled by ATK? No No

* S4AMW-3 was selected based on it’s location near the New River and far removed from lineaments and faults
even though it is an interface well.

4.4.3.1 Monitoring Well 3IMW-3

Monitoring well 31MW-3 was selected for the long-term groundwater level survey based on the
criteria listed in Table 4-12 above. A hydrograph covering the period September 2002 through
September 2003 was created using the Levelogger® data downloaded from 31MW-3. The
hydrograph, showing the daily average water elevation (uncorrected for barometric pressure),
temperature, and conductivity plotted against daily total precipitation, is provided as Figure
4-10. A brief data summary of the daily average maximums, daily average minimums, and
monthly averages is provided as Table 4-13. The complete data set downloaded from the
Levelogger® transducer in 31MW-3 is included in Appendix C. Note that due to replacement
of the supporting cable in November 2002 and consequent change in transducer elevation, the
hydrograph and groundwater elevation data have been normalized using a correction factor.

The maximum and minimum monthly average groundwater elevations recorded in well 31MW-3
during the long-term groundwater level survey were 1,676.88 ft msl and 1,674.87 ft msl,
respectively. The highest monthly average water elevation was observed in February 2003. The
lowest monthly average was recorded in September 2003. As shown on the hydrograph (see
Figure 4-10), the maximum daily average elevation (1,680.84 ft msl), occurred on February 24,
2003, in response to 4.26 in. of precipitation in the preceding 10 days. Numerous other spikes in
groundwater elevation in response to precipitation can be seen on the hydrograph. The spikes
typically occur within one to two days following a major precipitation event, suggesting rapid
communication between the ground surface, subsurface, and river. The minimum daily average
elevation 1,674.42 ft msl, was recorded on September 22, 2003.

Groundwater temperatures in monitoring well 31MW-3 appear to follow seasonal river
temperature trends. The warmest months are September through November, when temperatures
range between approximately 18°C and 20°C. From December through March, the temperatures
steadily decrease to lows of approximately 9°C to 10°C before climbing again through the late
spring and summer. The groundwater temperature recorded in monitoring well 31MW-3 showed
significant changes over the course of the investigation, which suggests a strong connection to
the New River. The difference between the daily maximum and minimum temperature recorded
in the well over the period was more than 10.0°C. The warmest monthly average temperatures,
19.1°C, 19.4°C, and 19.4°C (66.4°F, 66.9°F, and 66.9°F), occurred in the early fall months of
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Table 4-13
Transducer Data Summary

Well 31MW-3
Elevation (ft msl) Temperature (°C) Conductivity (mS/cm)
Daily Average | Daily Average | Monthly | Daily Average | Daily Average | Monthly| Daily Average | Daily Average | Monthly
MAX MIN Average MAX MIN Average MAX MIN Average
Month
Sep-02 1677.88 1675.90 1676.31 19.4 18.6 19.1 0.3027 0.2074 0.2571
Oct-02 1677.09 1676.19 1676.48 19.5 19.0 19.4 0.5192 0.2046 0.2791
Nov-02 1677.80 1674.59 1676.13 19.3 18.2 18.9 0.3336 0.2406 0.2959
Dec-02 1676.84 1674.89 1675.80 18.1 14.9 16.5 0.3216 0.2700 0.3012
Jan-03 1676.65 1675.32 1675.81 14.7 12.0 13.2 0.2726 0.2197 0.2400
Feb-03 1680.84 1675.46 1676.88 11.9 9.9 10.9 0.2228 0.1508 0.1971
Mar-03 1678.09 1675.18 1676.53 9.8 9.0 9.3 0.1533 0.1160 0.1325
Apr-03 1678.74 1675.54 1676.41 10.8 9.6 10.2 0.1387 0.0899 0.1091
May-03 1675.57 1674.71 1675.24 12.4 10.8 11.6 0.1345 0.0980 0.1194
Jun-03 1678.67 1675.34 1676.65 14.0 12.5 13.1 0.1411 0.1130 0.1238
Jul-03 1678.98 1675.07 1676.24 17.1 14.1 15.7 0.1398 0.1129 0.1220
Aug-03 1676.75 1674.72 1675.60 18.8 171 17.9 0.1695 0.1212 0.1449
Sep-03 1675.42 1674.42 1674.87 19.7 18.7 19.3 0.1909 0.1589 0.1704




cst—

September and October 2002 and September 2003, respectively. The coldest monthly average
temperature, 9.3°C (48.7°F), occurred in March 2003.

The conductivity recorded in monitoring well 31MW-3 shows two basic trends: generally higher
readings from September 2002 through January 2003, followed by generally lower readings for
the remainder of the study period. The monthly average conductivity values ranged between a
high of 0.3012 pS/cm (December 2002) to a low of 0.1091 puS/cm (April 2003). Conductivity is
expected to be inversely proportional to the amount of precipitation; however in October 2002, a
spike in conductivity values (519.2 uS/cm) can be seen in response to precipitation after an
extended period of little to no rain.

4.4.3.2 Monitoring Well 54MW-3

Monitoring well 54MW-3 was selected for the long-term groundwater level survey based on the
criteria listed in Table 4-12 above. A hydrograph covering the period September 2002 through
September 2003 was created using the Levelogger® data downloaded from 54MW-3. The
hydrograph, showing the daily average water elevation (uncorrected for barometric pressure),
temperature, and conductivity plotted against daily total precipitation, is provided as Figure
4-11. A brief data summary of the daily average maximums, daily average minimums, and
monthly averages is provided as Table 4-14. The complete data set downloaded from the
Levelogger® transducer in 54MW-3 is included in Appendix C. Note that due to replacement
of the supporting cable in November 2002 and change in transducer elevation, the hydrograph
and groundwater elevation data have been normalized using a correction factor.

The maximum and minimum monthly average groundwater elevations recorded in monitoring
well 54MW-3 during the long-term groundwater level survey were 1,681.50 ft msl and 1,676.81
ft msl, respectively. The highest monthly average groundwater elevation was observed in April
2003. The lowest monthly average, occurring in September 2002, resulted from an extended
period of minimal precipitation in preceding months. The minimum daily average elevation
(1,676.4 ft msl), was recorded on September 27, 2002. As shown on the hydrograph (see Figure
4-11), the maximum daily average elevation (1,685.20 ft msl), occurred on February 24, 2003, in
response to 2.37 in. of rain over the preceding three days. Numerous other spikes in
groundwater elevation in response to precipitation can be seen on the hydrograph. The spikes
typically occur within one to three days following a major precipitation event, suggesting rapid
communication between the ground surface and subsurface. This well is near the river and
screened in alluvium, suggesting communication between the alluvium and the New River as
well.

The groundwater temperature recorded, in the well, showed seasonal changes over the course of
the investigation. The difference between the daily maximum and minimum temperature
recorded in the well over the period was approximately 1.0°C. The warmest monthly average
temperature 13.5°C (56.3°F) occurred in January 2003. The coldest monthly average
temperature, 12.3°C (54.1°F), occurred in July 2003.

The conductivity measurements show an increasing trend from September 2002 through January
2003; a decreasing trend through July 2003; and a slight increase through September 2003. The
highest recorded daily average conductivity, 1.1738 uS/cm, was recorded on February 6, 2003,
following an extended period of little to no precipitation. The minimum recorded daily average
conductivity, 0.9872 puS/cm, was recorded on September 1, 2002.
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Table 4-14
Transducer Data Summary
Well 54MW-3
Elevation (ft msl) Temperature (°C) Conductivity (mS/cm)

Month Daily Average Daily Average Monthly Daily Average Daily Average | Monthly Daily Average Daily Average | Monthly

MAX MIN Average MAX MIN Average MAX MIN Average
Sep-02 1677.33 1676.40 1676.81 12.8 12.7 12.7 1.0257 0.9872 0.9990
Oct-02 1677.66 1676.41 1677.11 13.0 12.8 12.9 1.0510 1.0107 1.0332
Nov-02 1679.10 1677.13 1678.12 13.1 13.0 13.1 1.1285 1.0470 1.0887
Dec-02 1679.47 1677.69 1678.45 13.3 13.2 13.3 1.1440 1.1299 1.1374
Jan-03 1679.32 1678.00 1678.61 13.4 13.3 13.4 1.1630 1.1440 1.1540
Feb-03 1685.20 1677.84 1679.78 13.4 13.2 13.4 1.1738 1.0455 1.1293
Mar-03 1682.61 1679.94 1680.90 13.3 13.1 13.3 1.1429 1.1189 1.1385
Apr-03 1683.32 1680.21 1681.50 13.1 12.9 13.0 1.1343 1.0814 1.1168
May-03 1680.66 1678.56 1679.58 12.9 12.5 12.7 1.1212 1.1038 1.1118
Jun-03 1683.22 1678.64 1680.84 12.5 12.4 12.4 1.1032 1.0958 1.0997
Jul-03 1682.75 1679.48 1680.86 12.4 12.3 12.3 1.0997 1.0916 1.0968
Aug-03 1681.00 1679.13 1679.97 12.5 12.3 12.4 1.1105 1.0998 1.1045
Sep-03 1679.48 1678.47 1678.92 12.7 12.4 12.6 1.1228 1.1096 1.1195




4.4.3.3 Alluvial Well Summary

Table 4-11 summarizes the response of water level, temperature, and conductivity in alluvial
wells. The alluvial wells have a much faster water level response (~1-3 days) than the bedrock
wells this is to be expected because of the proximity to the New River and the rivers effect on the
wells. The temperature varied significantly in response to seasonal changes, which 1s likely due
due to the effects of the New River. Well 31MW-3 had a temperature range of greater than 10°C
while 54MW-3 had a range of 1.1°C. The conductivity also varied seasonally for both wells
however, the trends changed inversely from September 2002 to June 2003. The significance of
these results is discussed in Section 5.0 — Current Conditions. Figure 4-18 shows the water level
changes recorded in wells, springs, and the New River in relation to daily average discharges
from the dam. The water level changes more closely match increases and decreases in dam
discharges.

4.4.4  Transducer Measurements in Springs

Stainless steel weir boxes were installed in August 2002 at three natural springs (Figure 3-38).
Two of the springs, Parsons Spring (S136) and Knarly Spring (S125), are adjacent to the New
River. Parsons Spring is located on the southern bank of the river a short distance upstream from
Water Intake #1, near the RFAAP railroad engine house. The spring is approximately 8 to 10 ft
above the nominal river stage and 20 to 30 ft back from the river channel. Flow from Parsons
Spring originates in the MMA. Knarly Spring is located on the southern bank of the river, across
the road and slightly upstream from SWMU 39. The spring has several discharge points at or
slightly above the nominal river stage. Flow from Knarly Spring originates in the HSA. The
HWMU 16 Spring (S132) is located near monitoring well 16-5 in HWMU 16. Flow from the
HWMU 16 Spring originates in the HSA.

The weir boxes were placed a short distance downstream from each spring. The Parsons Spring
and HWMU 16 Spring boxes were set in the narrow stream channels formed in the alluvium by
the spring. The Knarly Spring box was set on exposed bedrock in the river channel. The boxes
are designed so that water collects inside the box and flows out through a v-notch cut in the
downstream side (Figure 4-12). Stream-flow rates are calculated based on the volume of water
flowing through the notch. Flow rates at Parsons Spring have typically ranged between 6 and 8
gpm and the depth of water inside the box has been near or over the top. Flow rates at HWMU
16 have typically ranged between 4 and 7 gpm) and the depth of water inside the box has ranged
between 1.36 and 1.57 ft. The box at Knarly Spring has not had flow through the v-notch due to
water escaping through fractured bedrock under one of the wing-walls. Attempts to plug the
fracture and stop the underflow have not been successful.

Transducers were placed inside each of the boxes to record changes in temperature, conductivity
and water depth. An additional transducer was placed on the outside of the Knarly Spring weir
box to record temperature, conductivity and water depth data during periods when the river stage
is elevated.

4.4.4.1 Parsons Spring

Parsons Spring was selected for the long-term water level survey because of information
regarding the spring and its discharge characteristics collected during previous investigations. A
hydrograph covering the period September 2002 through September 2003 was created using the
Levelogger® data downloaded from the transducer installed in the weir box. The hydrograph,
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showing the daily average water elevation (uncorrected for barometric pressure), temperature,
and conductivity plotted against daily total precipitation, is provided as Figure 4-13. A data gap
occurs between November 13 and December 11, 2002. This data gap is due to error in
transducer data downloading. The transducer was replaced on March 11, 2003, because of
sediment fouling. A brief data summary of the daily average maximums, daily average
minimums, and monthly averages is provided as Table 4-15. The complete data set downloaded
from the Levelogger® transducer in Parsons Spring is included in Appendix C.

The maximum and minimum monthly average water elevations recorded in Parsons Spring
during the long-term groundwater level survey investigation were 1,695.83 ft msl and 1,695.53 ft
msl, respectively. The small difference between the maximum and minimum average elevations
suggests that flow from the spring is relatively constant. Note that these averages do not include
abnormally high water elevations caused by flooding in February, April, and July 2003, when the
weir box was inundated by the New River. The highest monthly average water elevation was
observed in July 2003 due to heavy rains in June and July 2003. The lowest monthly average,
occurring in September 2002, resulted from an extended period of minimal precipitation in
preceding months. The minimum daily average elevation (1,695.20 ft msl), was recorded on
January 9, 2003. As shown on the hydrograph (see Figure 4-13), the maximum daily average
elevation (1,696.48 ft msl), occurred on February 24, 2003, in response to 2.37 in. of rain over
the preceding three days. Numerous other spikes in water elevation in response to precipitation
can be seen on the hydrograph. The spikes typically occur within one to three days following a
major precipitation event, suggesting rapid communication between the ground surface and
subsurface.

The temperatures recorded in Parsons Spring showed slight changes over the course of the
investigation. The difference between the daily maximum and minimum temperature recorded
in the weir over the period was approximately 1.5°C (not counting days when the weir was
flooded) and the difference in the monthly average maximum and minimum temperatures was
less than 1.0°C. The warmest monthly average, 12.6°C (54.7 °F), occurred in September 2002.
The coldest monthly average temperature, 11.9°C (53.4°F), occurred in February 2003.

Conductivity in the spring varies with the frequency and magnitude of precipitation events. This
1s common in karst areas where the conduits leading to the discharge point (the spring) are
flushed of sediment. The maximum monthly average (689.7 1S/cm) occurs in November 2002
and the minimum monthly average (534.4 uS/cm) occurs in both April and May 2003. Daily
average conductivity is highest in March 2003 with 839.0 pS/cm. This is associated with 2.95
in. of precipitation in the preceding 10 days and may be the result of sedimentation in the weir.
The lowest daily average conductivity (355.8 uS/cm) is recorded in April 2003.

4.44.2 Knarly Spring

Knarly Spring was selected for the long-term water level survey because it is one of the larger
springs in the HSA. Due to its location approximately 1,100 ft northeast and just upstream, the
spring may be a discharge point for SWMU 39. Levelogger® transducer data downloaded from
Knarly Spring did not provide useful information because, as previously stated, the weir box at
Knarly Spring did not have flow through the v-notch due to water escaping through fractured
bedrock under one of the wing-walls. Attempts to plug the fracture and stop the underflow have
not been successful.
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Table 4-15
Transducer Data Summary
Parsons Spring

Elevation (ft msl)*

Temperature (°C)*

Conductivity (mS/cm)*

Month Daily Average | Daily Average | Monthly | Daily Average | Daily Average | Monthly | Daily Average | Daily Average | Monthly
MAX MIN Average MAX MIN Average MAX MIN Average
Sep-02 1695.75 1695.21 1695.53 12.8 12.4 12.6 0.7031 0.5164 0.6119
Oct-02 1695.99 1695.31 1695.70 12.7 12.4 12.5 0.7645 0.5509 0.6814
Nov-02 1695.91 1695.46 1695.77 12.4 12.4 12.4 0.7259 0.5939 0.6897
Dec-02 1695.96 1695.33 1695.67 12.4 121 12.2 0.6932 0.5602 0.6401
Jan-03 1696.09 1695.20 1695.74 12.3 11.3 12.1 0.7065 0.3558 0.6225
Feb-03 1696.48 1695.40 1695.80 12.2 11.2 11.9 0.7434 0.3850 0.5564
Mar-03 1695.91 1695.44 1695.71 12.2 11.6 12.0 0.8390 0.4816 0.6578
Apr-03 1696.17 1695.39 1695.79 12.1 11.5 12.0 0.6061 0.3717 0.5344
May-03 1695.97 1695.22 1695.64 12.3 12.0 12.1 0.5802 0.4719 0.5344
Jun-03 1695.95 1695.45 1695.73 12.2 12.0 121 0.5896 0.4187 0.5439
Jul-03 1696.09 1695.59 1695.83 12.4 12.1 12.2 0.5920 0.4960 0.5619
Aug-03 1696.16 1695.62 1695.82 12.4 12.2 12.3 0.5844 0.4890 0.5723
Sep-03 1696.01 1695.54 1695.78 12.4 12.3 12.4 0.5994 0.5273 0.5726

* Large Flood events have been filtered from the data to reflect only the water level of the spring.




4.4.43 HWMU 16 Spring

The HWMU 16 Spring was selected for the long-term water level survey because of its
proximity to identified photolineaments and monitoring wells which have historically contained
COCs as well as its centralized location in the HSA. A hydrograph covering the period
September 2002 through September 2003 was created using the Levelogger® data downloaded
from HWMU 16 Spring. The hydrograph, showing the daily average water elevation
(uncorrected for barometric pressure), temperature, and conductivity plotted against daily total
precipitation, is provided as Figure 4-14. A brief data summary of the daily average maximums,
daily average minimums, and monthly averages is provided as Table 4-16. The complete data
set downloaded from the Levelogger® transducer in the HWMU 16 Spring is included in
Appendix C.

The maximum and minimum monthly average water elevations recorded in the HWMU 16
Spring during the long-term water level survey were 1,734.80 ft msl and 1,734.51 ft ms],
respectively. The small difference between the maximum and minimum average elevations
suggests that flow from the spring is relatively constant, although, as shown on the hydrograph
(see Figure 4-14), there is a generally increasing trend in the monthly average elevation which
correlates with increasing precipitation through the investigative period. The highest monthly
average water elevation was observed in August 2003 due to heavy rains in June and July 2003.
The lowest monthly average, occurring in September 2002, resulted from an extended period of
minimal precipitation in preceding months. The maximum daily average elevation, 1,735.11 ft
msl, occurred on August 14, 2003, in response to 2.53 in. of rain over the preceding seven days.
The minimum daily average elevation (1,733.96 ft msl), was recorded on January 9, 2003. The
water level in HWMU-16 is highly variable with large changes in average daily water level
occurring daily. The water level typically increases within one to three days following a major
precipitation event, suggesting communication between the ground surface and subsurface.

The temperatures recorded in the HWMU 16 Spring showed seasonal changes over the course of
the investigation. The difference between the daily maximum and minimum temperature
recorded in the weir over the period was approximately 8°C and the difference in the monthly
average maximum and minimum temperatures was slightly more than 5.0°C. The warmest
monthly average 15.2°C (59.4 °F) occurred in September 2002. The coldest monthly average
temperature, 10.2°C (50.4°F), occurred in February 2003.

Conductivity in the spring shows a decreasing trend for the first six months of the investigation
and then becomes generally stable for the remainder of the monitoring period. The maximum
monthly average (548.1 uS/cm) occurs in September 2002 and the minimum monthly average
(390.5 puS/cm) occurs in February 2003. Daily average conductivity is highest in September
2002 with 663.8 uS/cm. The lowest daily average conductivity (243.6 uS/cm) is recorded in
February 2003.

4.4.4.4 Spring Summary

Springs influenced by mature or conduit flow in karst respond to precipitation with highly
variable conductivity, temperature, and water level. As with bedrock wells in conduit flow
karstic areas, springs may appear “flashy” (Mull et al., 1988, Quinlin, 1989), whereas immature
karst or diffuse flow is much less variable and response to precipitation is much slower.
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Figure 4-14
HWMU-16 Spring Hydrograph
Daily Averages September 2002 - September 2003
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Table 4-16
Transducer Data Summary
HWMU-16 Spring
Elevation (ft msl) Temperature (°C) Conductivity (mS/cm)
Month Daily Average | Daily Average | Monthly | Daily Average | Daily Average | Monthly | Daily Average | Daily Average { Monthly
MAX MIN Average MAX MIN Average MAX MIN Average
Sep-02 1734.71 1734.19 1734.51 15.7 14.7 15.2 0.6638 0.4703 0.5481
Oct-02 1734.72 1734.13 1734.53 15.2 13.3 14.4 0.6106 0.4823 0.5249
Nov-02 1734.81 1734.09 1734.51 13.5 11.6 12.5 0.5152 0.4315 0.4722
Dec-02 1734.89 1734.14 1734.56 11.3 9.7 10.5 0.4637 0.3857 0.4421
Jan-03 1734.83 1733.96 1734.51 11.3 9.6 10.4 0.4635 0.4125 0.4317
Feb-03 1734.88 1734.13 1734.52 11.1 7.8 10.2 0.4249 0.2436 0.3905
Mar-03 1734.78 1734.33 1734.59 12.2 10.8 11.5 0.4353 0.3665 0.4026
Apr-03 1734.94 1734.28 1734.64 12.8 10.9 12.2 0.4178 0.3488 0.4081
May-03 1734.97 1734.22 1734.63 13.1 12.8 13.0 0.4180 0.3664 0.4087
Jun-03 1734.91 1734.44 1734.69 14.5 13.0 13.5 0.4210 0.3773 0.4084
Jul-03 1735.02 1734.55 1734.76 14.7 13.4 13.7 0.4104 0.3591 0.4032
Aug-03 1735.11 1734.61 1734.80 14.5 13.7 13.9 0.4112 0.3844 0.4068
Sep-03 1734.97 1734.55 1734.79 14.6 13.6 14.0 0.4139 0.3824 0.4065




Table 4-17 summarizes the response of Parsons and HWMU-16 Spring to precipitation. The
water level of springs monitored in this study responded to precipitation events within 1 to 3
days depending on the size of the event. The water level rose and fell slightly faster in Parsons
Spring than in HWMU-16 Spring (Figures 4-13 and 4-14). The difference may be related to the
location of Parsons Spring, which is within feet of the New River, while HWMU-16 is located in
the interior of the HSA. Figure 4-18 shows the response of the water levels in Parsons Spring
and HWMU-16 Spring to discharges from Claytor dam, which are not significant except during
large flood events such as in February and April of 2003. During flooding events, Parson’s
spring box is over run by the New River.

Both springs show seasonal variations in temperature as well as effects from individual
precipitation events depending on the size of the event. HWMU-16 has a much larger
temperature range (~8°C) than Parsons Spring (~1.5°C). However, the diminished temperature
range at Parsons Spring could be related to its location near the developed MMA. As opposed to
HWMU-16 which is located in a much less developed area and is more likely to mimic the
natural seasonal affects. The conductivity recorded at both springs was more variable in the first
half of the monitoring program (September to March). This variability is most likely related to
the limited precipitation in the preceding months. It is common for karst terrains to experience
flushing and removal of resident sediment and water after periods of limited, intermittent
precipitation similar to the pattern seen during this time period. Quinlin (1989) suggests that the
coefficient of variation (standard deviation + mean x 100) of specific conductivity should be
calculated for springs in suspected karstic areas. If the coefficient of variation 1s in the range of
or greater than 10 — 25 percent the spring can be assumed to be influenced by conduit flow and
springs with less than S percent are primarily influenced by diffuse flow. Parsons spring has a
coefficient of variation which suggests that conduit flow is more of an influence, while HMWU-
16 is more representative of a diffuse spring but still above the 5 percent cut off which suggests
that if falls on the diffuse side of the continuum between the two flow regimes.

4.4.5 Transducer Measurements in the New River

Transducers were installed in ‘stilling wells’ at two locations on the river to record temperature,
conductivity, and river stage data. A stilling well is an open pipe extending down beneath the
water surface. Water inside the pipe responds to changing river levels while at the same time
eliminating waves or choppiness in the water, thus ‘stilling’ the water. The first transducer was
installed at the New River Bridge, which crosses the river from the MMA to the HSA (see
Figure 2-6). The transducer was placed inside the existing stilling well attached to the center
pier of the bridge. The second transducer was installed in a stilling well attached to Water Intake
#2, located in the center of the river across from SWMU 31, near the downstream property line
of RFAAP (see Figure 2-6).

4.4.5.1 New River Bridge

The New River Bridge was selected for the long-term water level survey to serve as a measuring
point for the overall water budget portion of the investigation. The bridge is at the downstream
end of the watershed encompassing the East Radford, Christiansburg, and Peppers Ferry areas, as
well as the southern and western portions of the MMA (see Section 4.7.5 and Figure 4-22). A
hydrograph covering the period September 2002 through September 2003 was created using the
Levelogger® data downloaded from the transducer installed in the stilling well. The hydrograph,
showing the daily average water elevation (uncorrected for barometric pressure), temperature,
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Table 4-17

Spring Response to Precipitation
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and conductivity plotted against daily total precipitation, is provided as Figure 4-15. A brief
data summary of the daily average maximums, daily average minimums, and monthly averages
is provided as Table 4-18. The complete data set downloaded from the Levelogger® transducer
at the New River Bridge is included in Appendix C.

The maximum and minimum monthly average water elevations recorded at the New River
Bridge during the long-term water level survey were 1,684.85 ft msl and 1,682.22 ft msl,
respectively. The highest monthly average river elevation was observed, during levelized flow,
in August 2003 due to heavy rains in June and July 2003. The lowest monthly average,
occurring in September 2002, resulted from an extended period of minimal precipitation in
preceding months. As shown on the hydrograph (see Figure 4-15), the maximum daily average
elevation, 1,694.16 ft msl, occurred on February 23, 2003, in response to 4.02 in. of precipitation
over the preceding ten days. The minimum daily average elevation (1,681.37 ft msl) was
recorded on February 2, 2003. These measurements are consistent with water levels recorded by
the transducer at Water Intake #2 and the USGS gauging station upriver at Radford, Virginia.

The temperatures recorded at the New River Bridge showed significant seasonal changes over
the course of the investigation. The difference between the daily maximum and minimum
temperature recorded in the river over the period was slightly more than 24°C and the difference
in the monthly average maximum and minimum temperatures was approximately 21°C. The
warmest monthly average, 23.3°C (73.9°F), occurred in August 2003. The coldest monthly
average temperature, 2.4°C (36.3°F), occurred in February 2003.

Conductivity in the river shows a wide range in values, which is expected for open, flowing
water. The maximum monthly average (403.4 uS/cm) occurs in February 2003 and the
minimum monthly average (118.8 uS/cm) occurs in August 2003. Daily average conductivity is
highest in February 2003 with a reading of 572.4 uS/cm in response to 4.02 in. of precipitation
over ten days. The lowest daily average conductivity (98.4 uS/cm) is recorded in June 2003.

4.4.5.2 Water Intake #2

Water Intake #2 was selected for the long-term water level survey to serve as the end measuring
point for the overall water budget portion of the investigation. Water Intake #2 is at the
downstream end of the watershed encompassing the Blacksburg, Prices Fork, Longshop,
Whitethorne (including the Virginia Tech Kentland Farm agricultural research station), and
Wake Forest areas, as well as the eastern portions of the MMA and the majority of the HSA (see
Figure 4-19). A hydrograph covering the period September 2002 through September 2003 was
created using the Levelogger® data downloaded from the transducer installed in the stilling well.
The hydrograph, showing the daily average water elevation (uncorrected for barometric
pressure), temperature, and conductivity plotted against daily total precipitation, is provided as
Figure 4-16. A brief data summary of the daily average maximums, daily average minimums,
and monthly averages is provided as Table 4-19. The complete data set downloaded from the
Levelogger® transducer at Water Intake #2 is included in Appendix C.

The maximum and minimum monthly average water elevations recorded at Water Intake #2
during the long-term groundwater monitoring investigation were 1,674.82 ft msl and 1,671.31 ft
msl, respectively. The highest monthly average river elevation was observed in April 2003. The
lowest monthly average, occurring in September 2002, resulted from an extended period of
minimal precipitation in preceding months. As shown on the hydrograph (see Figure 4-16), the
maximum daily average elevation, 1,682.09 ft msl, occurred on February 23, 2003, in response
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Figure 4-15
New River Bridge Hydrograph
Daily Averages September 2002 - September 2003
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Table 4-18
Transducer Data Summary
New River Bridge

Elevation (ft msl)

Temperature (°C)

Conductivity (mS/cm)

Month Daily Average Daily Average Monthly Daily Average Daily Average Monthly Daily Average Daily Average Monthly
MAX MIN Average MAX MIN Average MAX MIN Average
Sep-02 1685.29 1681.66 1682.22 24.9 20.5 23.1 0.4772 0.1348 0.2049
Oct-02 1683.81 1681.83 1682.41 22.5 14.2 18.4 0.1445 0.1094 0.1330
Nov-02 1687.76 1681.62 1683.91 14,2 6.5 10.8 0.1883 0.1176 0.1451
Dec-02 1685.07 1682.00 1683.52 6.5 3.4 5.0 0.5095 0.1479 0.2146
Jan-03 1684.36 1681.42 1682.67 4.5 0.8 2.5 0.5263 0.1434 0.3478
Feb-03 1694.16 1681.37 1684.42 4.6 1.2 2.4 0.5724 0.1963 0.4034
Mar-03 1685.48 1682.21 1683.79 11.0 5.2 7.9 0.1663 0.1209 0.1314
Apr-03 1690.60 1683.11 1684.85 14.4 9.8 11.6 0.3033 0.1113 0.1797
May-03 1683.75 1682.22 1683.24 17.4 14.3 16.3 0.1607 0.1159 0.1376
Jun-03 1687.11 1682.69 1684.31 20.6 17.1 19.0 0.3275 0.0984 0.1276
Jul-03 1688.59 1682.39 1683.84 24.0 19.9 22.0 0.1449 0.1163 0.1265
Aug-03 1685.10 1682.38 1683.61 24 .4 224 23.3 0.1296 0.1091 0.1188
Sep-03 1683.84 1682.21 1682.88 242 19.3 22.0 0.1293 0.1150 0.1221
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Figure 4-16
RFAAP Intake #2 Hydrograph
Daily Averages September 2002 - September 2003
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Table 4-19
Transducer Data Summary
Water Intake #2

Elevation (ft msl)

Temperature (°C)

Conductivity (mS/cm)

Month Daily Average Daily Average Monthly Daily Average Daily Average Monthly Daily Average Daily Average Monthly
MAX MIN Average MAX MIN Average MAX MIN Average
Sep-02 1673.82 1670.93 1671.31 26.3 21.2 24.3 0.2147 0.1398 0.1781
Oct-02 1674.58 1670.87 1671.66 23.8 14.8 19.3 0.1631 0.1030 0.1286
Nov-02 1676.79 1671.71 1673.81 14.8 7.3 11.6 0.1832 0.0691 0.1017
Dec-02 1674.81 1672.10 1673.40 7.0 4.3 5.8 0.1681 0.0855 0.1202
Jan-03 1674.36 1671.84 1672.88 55 1.3 3.3 0.1543 0.0598 0.0802
Feb-03 1682.09 1671.75 1674.36 5.3 2.2 3.2 0.0871 0.0537 0.0690
Mar-03 1675.33 1672.23 1673.85 11.7 5.9 8.7 0.1084 0.0566 0.0804
Apr-03 1679.33 1673.35 1674.82 15.4 10.5 12.3 0.0935 0.0636 0.0792
May-03 1673.86 1672.48 1673.40 18.4 15.0 17.2 0.1245 0.0832 0.1021
Jun-03 1677.14 1672.93 1674.56 21.7 17.7 19.9 0.1168 0.0719 0.1009
Jul-03 1678.15 1672.66 1674.02 25.3 20.6 23.0 0.2125 0.0986 0.1268
Aug-03 1675.12 1672.84 1673.85 25.8 23.4 24.4 0.3541 0.1531 0.2383
Sep-03 1674.18 1672.74 1673.23 25.3 20.2 23.0 0.2534 0.1834 0.2238




to 4.02 in. of precipitation over the preceding ten days. The minimum daily average elevation
(1,670.87 ft msl) was recorded on October 7, 2002. These measurements are consistent with
water levels recorded by the transducer at the New River Bridge and the USGS gauging station
upriver at Radford, Virginia.

The temperatures recorded at Water Intake #2 showed significant seasonal changes over the
course of the investigation. The difference between the daily maximum and minimum
temperature recorded in the river over the period was 25°C and the difference in the monthly
average maximum and minimum temperatures was slightly more than 21°C. The warmest
monthly average, 24.4°C (75.9°F), occurred in August 2003. The coldest monthly average
temperature, 3.2°C (37.8°F), occurred in February 2003.

Conductivity in the river shows a wide range in values, which is expected for open, flowing
water. The maximum monthly average (238.3 uS/cm) occurs in August 2003 and the minimum
monthly average (69.0 uS/cm) occurs in February 2003. Daily average conductivity is highest in
August 2003 with a reading of 354.1 uS/cm. The lowest daily average conductivity (53.7
uS/cm) is recorded in February 2003.

4.4.5.3 New River Summary

The water level fluctuations recorded at the New River Bridge and Water Intake #2 correlate
with the majority of precipitation events, which is to be expected. The correlations with the
Claytor dam discharge are also very good. The lag time between dam releases and observations
in the stilling wells varies with changes in the amount of water released from the dam, but is
approximately four hours at the New River Bridge and approximately six hours at Water Intake
#2 (Figure 3-10). Both the New River Bridge and Water Intake #2 transducers recorded
significant seasonal temperature changes with a range of about 25°C. This is expected in surface
water bodies. The conductivity also varied greatly at both locations. The changes in
conductivity appear to be the result of two scenarios. The first is a lack of precipitation and/or
decreased discharge from the dam, which concentrate conductive ions from sediment in the river.
The second is the flooding events which generate large amounts of suspended and dissolved
solids, increasing conductivity.

44.6 Transducer Data Summary

Figure 4-17 summarizes the water level changes recorded by transducers in the RFAAP wells,
the springs, and the New River locations compared with precipitation. There is correlation
between large precipitation events and increases in water level. However as precipitation events
get smaller the amount of correlations decrease. The changes in the water levels recorded in
wells and in the river can also be correlated to the discharges from the Claytor Dam (Figure 4-
18). Figure 4-18 shows the water level changes recorded in wells, springs, and the New River in
relation to daily average discharges from the dam. The water level changes more closely match
increases and decreases in dam discharges. This indicates that the Claytor Dam discharges have
a greater influence on the water table in the HSA than precipitation events alone.

The exceptions to this trend are wells 74MW-7 and B-3 and Parsons and HWMU-16 Spring,
which do not seem to correlate with either precipitation or the Claytor Dam discharges. 74MW-
7 increases gradually over one to two months after the occurrence of large precipitation and
flood events. The water level of B-3 increases sharply after large precipitation events then
declines a much slower rate than the karstic wells, which exhibit “flashy” behavior. This
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Figure 4-17
Summary of Daily Average Water Levels

in the New River, Springs, and Welis at the RFAAP
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Figure 4-18
Comparison of Daily Average Water Levels in the
New River, Springs, and Wells at the RFAAP with Daily Average Discharge from the Claytor Dam
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suggests that wells 74MW-7 and B-3 are not experiencing karstic conduit or fracture flow. The
water levels in Parsons Spring and HWMU-16 Spring do not correlate well to increases in
precipitation or discharges from Claytor dam except during large flood events, such as in
February and April of 2003, likely due to their height above the river.

The water level trends recorded at the New River Bridge and Water Intake #2 very closely match
the pattern of discharge from the dam. This is because flow of the New River around the HSA is
primarily controlled by the release of water from the Claytor Dam located upstream from
Radford, Va. The flow from the dam is levelized starting in mid April. The term levelized refers
to the maintenance of a steady lake level through the discharging of water through the dam.
Enough water is released to maintain aquatic life in the New River. This amount varies but is
generally equal to the amount of water entering the reservoir ~750 cfs in drought conditions and
over 8,000 cfs during flooding conditions®. Power generation at the dam involves releasing
water from the reservoir between October 16™ and April 14" of each year. There are four
generators at the plant. Each generator is capable of producing up to 20 megawatts of power
using approximately 2,000 cfs of water per unit.

During power generation, the minimum discharge is approximately 750 cfs between the hours of
12 and 6 AM and between 10 AM and 5 PM. From 6-10 AM and 5-10 PM, two to four units are
used to generate power. The flow varies from 750 cfs to as much as 8,000 cfs’. During flood
conditions the spill gates are opened and greater than 8,000 cfs is released. The average hourly
discharge from Claytor Dam for the period of September 2002 through September 2003 is
located in Appendix F. This is significant because the effect of precipitation on the New River
in the vicinity of the HSA can only be seen during levelized flow (mid April to mid October).

4.5 RIVER GAUGING

Measurements of the width, depth, and flow were necessary to calculate the volume of water
carried by the river and to estimate stream loss or gain as the river passes through RFAAP.

River gauging was performed in July and December 2002 and in March, July, and October 2003
upstream at the New River Bridge and downstream at Water Intake #2. Measurements were also
taken across the mouth of Thompson’s Creek in Whitethorne, a tributary of the New River
located a short distance upstream from Water Intake #2.

The July and December 2002 transects were performed using a rope stretched across the width of
the river. Depth and flow measurements were then taken at 25-foot intervals along the rope.

The March, July, and October 2003 transects were performed using a hand-held GPS receiver to
record the location of each depth and flow measurement. For each transect, measurements were
recorded in both directions, i.e., going south bank to north bank and also north bank to south
bank. River profiles and flow calculations are included in Appendix D.

The New River Bridge transects were performed on the upstream side of the bridge. Profiles
generated from the depth measurements show that the river channel is deeper on the northern
side and shallows out toward the south. The volume of water passing under the bridge is highly
variable, with calculations ranging from 1,215 cfs in July 2002 to 5,665 cfs in December 2002
(Table 4-20). The Water Intake #2 transects were also performed on the upstream side of the
structure. Profiles generated from the depth measurements show that the river channel deepens
quickly on both the northern and southern sides with the deepest portion of the channel in the

3 L. Slusher, American Electric Power, personal communication, 2004

Radford Army Ammunition Plant
Current Conditions Report
4-58 Draft



Table 4-20

Average Flow Rates for the
New River and Thompson's Creek

Cross-Sectional] Flow Flow

Date |Direction] Area (sq ft)’ (cts)® (gallons/day)

o 07/09/02 | NR® 1,399 1,216 785,617,926
o 12/10/02] NR 2,330 5,665 3,660,917,984
= 03/12/03] NR 1,308 1,435 927,402,275
= 03/12/03| NR 1,691 2,468 1,594,779,349
2 07/09/03 | S-->N 2,391 1,284 829,910,605
‘; 07/09/03 | N-->S 2,180 1,332 860,782,555
2 10/08/03 | S-->N 2,580 4,088 2,641,698,232
10/08/03 | N-->8 2,997 4,930 3,185,835,768

7/9/02 NR 1,496 1,119 722,949,111
& 12710/02] NR 1,888 3,340 2,158,625,745
g 3/12/03 NR 3,579 6,816 4,404,947,798
g 3/12/03 NR 3,141 6,762 4,369,482,686
= 7/903 | S-->N 3,355 1,832 1,183,749,236
2 7/9/03 | N-->S 3,471 1,931 1,247,766,619
2 10/8/03 | S-->N 2,999 4,936 3,189,853,771
10/8/03 | N-->S 2,953 4,783 3,090,797,721

T [1210/02] NA® 58 56 36,332,113

23 3/12/03 NA 95 30 19,690,328

§9 7/9/03 NA 66 17 10,698,175

. 10/8/03 NA 19 14 9,088,440
Notes 1 = square feet

2 = cubic feet/second
3 = Not recorded
4 = Not applicable



middle of the river. Calculations show that the volume of water flowing past the intake structure
is highly variable, ranging from 1,118 cfs in July 2002 to 6,789 cfs in March 2003 (Table 4-20).
The variability of the flow in the New River is greatly influenced by power generation at the
Claytor Dam, which is located approximately thirteen river miles upstream from RFAAP. From
October 16" through April 14" of each year, American Electric Power (AEP) generates power at
Claytor Dam (AEP, Personal Communication, 2003). During this period, AEP “peaks” the
generation to provide more power during high usage hours (6-10 AM and 5-10 PM). While in
non-levelized flow, discharges will vary from 750 cfs to 8,000 cfs, depending on inflow to the
reservoir. Water released through the dam arrives at RFAAP in approximately 3-4 hours, thus
river gauging at RFAAP between approximately 10 AM and 3 PM is influenced by the release of
water from the dam and results in skewed estimates of normal base flow in the river.

Calculations based on measurements taken near the mouth of Thompson’s Creek show that flow
in the creek is also highly variable, ranging from 14 cfs in October 2003 to 56 cfs in December
2002 (Table 4-20). It should be noted that the calculated flow volumes are likely to be
overestimations due to the large fluctuations in river stage during gauging, which were the result
of releases from the Claytor dam occurring during the spring and fall months.

4.6 WATER BUDGET

A water budget was developed for the HSA to further refine the understanding of the Current
Conditions. The water budget is important in assessing where groundwater from the HSA is
entering and leaving the hydrologic system and in estimating the amounts associated with the
various components. A water budget is the quantification of precipitation, runoff, recharge,
evaporation, transpiration, and human uses of water within a watershed. At best, it is a general
estimation of the multiple processes which affect the pathways water could take as it enters,
travels through, and exits a watershed. This water budget is based on hourly, daily, and monthly
averages of water sources and sinks collected and calculated from October 1, 2002, to September
30, 2003. The area included in the water budget analysis is shown in Figure 4-19. Information
contained in this water budget will be useful in making technical and regulatory decisions in
order to address potential groundwater liabilities in the HSA of the REAAP.

Figure 4-20 is a flow chart summarizing the general water pathways in karst environments like
the REFAAP. Water enters the area naturally through precipitation and in the form of surface
water from the New River. Surface water can be detained in plugged sink holes, ponds, or by
depressed areas in the study area. At this point, water may evaporate and leave the system, over
flow the detention area and flow overland into surface waters, or become recharge. Recharge is
the inclusion of water into the phreatic or saturated zone through infiltration of water through
“unconsolidated material overlying bedrock [(Diffuse Recharge)] or as direct inflow from
sinking stream and open swallets” (Point Recharge) (Mull et al., 1988). There have been no
sinking streams or sinkhole swallets identified in the HSA. Caves large enough for a person or
openings into the conduit network also have not been seen at the surface in the study area.
Drilling data indicates that there are many thin, vuggy (partially re-crystallized) veins throughout
the study area. Drilling near SWMU 40 in the MMA, indicated more sizable voids, up to 12 ft
thick. SWMU 40 is located near the successful dye trace study at SWMU 17 and the larger
voids in this area may explain the success of the dye trace. Wells installed near SWMUs 32 and
39 also had voids ranging from 5 to 10 ft thick. Therefore recharge occurs most likely through
“sinkholes in which the bottom is covered or plugged with sediment and in which bedrock is not
exposed” (Mull et al., 1988). The water percolates at different speeds and volumes (seepage,
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trickles or small flows) through the unconsolidated material at the bottom of sinkholes into the
epikarst found in the HSA.

In the epikarst the maturity of the karst network dictates the speed and pathway of water
movement. “Rapid flow takes place in conduits >5 to 10 mm in diameter where velocities
generally exceed 0.001 m/s” and can even occur in open fractures (ASTM, 1995). Slow flow
occurs in “rock matrix and through fractures that have not been significantly modified by
dissolution” (ASTM, 1995). However even the “smallest microscopic solutional enlargements
of bedding plans and joints function as tributary conduits” (Mull et al., 1988). If water flow is
“convergent to major springs via well developed conduits the aquifer is considered to be mature.
If the water moves through small bedrock openings that have undergone only limited solutional
enlargement” the aquifer is said to be immature (Mull et al., 1988). At the HSA, as in a majority
of karst environments, conduit and diffuse flow are the end members of a flow continuum and
generally both occur in different locations throughout karst areas (Mull et al., 1988). Once in the
phreatic zone, water begins to move through small, water-filled caves and primarily through
fissures and pores. The porosity of karst aquifers decreases significantly with depth as a result of
overburden pressure. In general water tends to move along strike in the saturated zone “because
gravity is more or less offset by the increasing hydrostatic pressure with depth” (Ginsberg and
Palmer, 2002). Water in the phreatic zone then moves toward surface outlets like springs and
rivers.

Springs can range from less than one inch to many feet in diameter. They can be visible, hidden
by unconsolidated material, or submerged below the surface of a lake or stream (Mull et al.,
1988). The springs in the RFAAP area have diameters on the small end of the scale and
discharge near base level along or submerged in the New River. They are commonly found in
association with bedrock outcrops. Some springs along or submerged in the New River may also
act as sink points during low flow or when the water table is depressed due to drought. These
types of springs are called estavelles. Estavelles alternately discharge groundwater or receive
stream water based on the water level in the conduits that feed it.

4.6.1 Water Budget Equation

A water budget is defined as a simple mathematical expression of additive sources equaling
depletive sinks of water onto and off of the site. A survey of general additive sources and
depletive sinks affecting the HSA includes the following:

Additive Depletive

Precipitation ET

Infiltration/Recharge Artificial or consumptive losses (drinking water
Surface Waters plants)

Runoff Natural sinks

Tributaries

Springs

Artificial or additive sources (waste water plants)

The water budget equation is as follows:

P+ Qo =ET + AS + Qot
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Figure 4-20. Hydrologic Cycle in Karst Areas
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where, P is precipitation, Qo is the water flow onto the site, ET is evapotranspiration, AS is the
change in storage or recharge, and Qo is the amount of water leaving the site.

The water budget equation is based on the mechanisms and water pathways generally found in
karst areas, which are depicted on Figure 4-20 below and described above.

It is difficult to measure many of the components included in the water budget directly;
therefore, estimates of precipitation, recharge, ET, overland runoff, and natural surface water
inputs from springs and tributaries need to be made. Most artificial withdrawals and additions
are measured directly. Data required for these estimates includes the collection of river gauging
data, the monitoring of unconfined groundwater levels, spring levels, and river levels, storm
water runoff, and precipitation data.

Precipitation estimates are calculated from continuously recorded meteorological data obtained
from the Kentland Farm agricultural research station at Virginia Tech. To obtain the volume of
water naturally entering the watershed the recorded precipitation is multiplied by the area of the
regional groundwater study.

Infiltration is water that seeps from the surface into the vadose zone, whereas recharge is that
portion of infiltration that ultimately reaches the water table. Recharge may occur in either of
two categories: rapid (macropore: fractures) or slow (micropore: granular) recharge. Since
recharge cannot be measured directly, validation methods such as meteorological,
potentiometric, or surface-water flow methods are used. The most common fluid-mass-balance
approach calculates land-surface water budgets by subtracting known or estimated ET plus run-
off from precipitation (Ketchum et al., 2000). The potentiometric approach employs aquifer
saturation-volume-fluctuations which involve the relationship of water-table fluctuations and
recharge. Flow-based measurements estimate hydrograph separation of stream flow or spring
flow (Ketchum et al., 2000). The potentiometric, or water table fluctuation method, is utilized in
this report.

Surface overflow is equivalent to runoff or movement of water over the land surface into surface
water bodies nearby such as the New River in this case. Runoff can be increased by increasing
the developed area within a watershed.

ET reflects the combined effects of water loss to the atmosphere due to evaporation and
transpiration. The average monthly temperature and the length of the average day in a month are
used to estimate the amount of water lost from the region through ET. The Thornthwaite
Method uses air temperature as an index of the energy available for ET and assumes that the air
temperature is correlated with the effects of net radiation and that the available energy is shared
in fixed proportion between heating the atmosphere and ET (Dunne and Leopold, 1978).

Runoff is the excess “rainfall which is neither retained on the land surface or infiltrates into the
soil” (Chow et al., 1988). Runoff estimates are based on the SCS Runoff Method. This method
is based on the precipitation resulting from a storm event, the land use type, and the antecedent
moisture conditions found in the watershed.

Selected artificial sources and sinks were monitored at intake structures and discharges along the
New River. The other sources were estimated as the balance of water not accounted for in the
water budget.
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4.6.2 Precipitation

Precipitation is the sole natural input of water into the water budget. Although precipitation may
occur in many forms, it is convention to report total precipitation as fluid input in water budget
analysis. Precipitation amounts were collected from four locations in the vicinity of RFAAP.
Two sites were located at nearby water treatment plants (Peppers Ferry WWTP, ~3 miles S-SW,
and Stroubles Creek WWTP, ~1 mile S-SE). One precipitation recording site was locate on the
HSA using a remote, self-contained weather station set up in the FAL above HWMU 16 and one
site was located at the Virginia Tech Kentland Farm agricultural research station, about a mile
across the New River from SWMU 31.

The on site weather station experienced technical difficulties during the study period and did not
provide a complete precipitation record. However, the WWTPs provided precipitation records
that included daily total precipitation for the entire study period. Also, the Kentland Farm
weather station provided hourly precipitation, temperature, relative humidity, wind speed, wind
direction, and soil temperature. This record is complete throughout the period of the
investigation (September 1, 2002 — September 30, 2003). The WWTP data was used as a
general regional reference of precipitation events occurring near the RFAAP. A comparison of
the precipitation data from Kentland Farms and the data from the remote weather station in
HWMU 16 was made and showed that there is agreement between the two sites in precipitation
event occurrence and relative volumes. The two sites recorded approximately the same amount
of precipitation on 77% of the days while both were in operation.

Figure 4-21 shows the total amount of precipitation recorded at each location during the period
in which the weather station in HWMU 16 was operational. Kentland Farms precipitation is
approximately equal to the average precipitation recorded by the other sites recording
precipitation and it is in close proximity to RFAAP. Kentland Farm measured 7.5 in. less
precipitation than the Peppers Ferry WWTP, which recorded 33.34 in. of precipitation during the
study (13 months). The Stroubles Creek waste water treatment plant recorded 32.52 in. of
precipitation in that same time, approximately 7 in. more than Kentland Farms. It is assumed
that the rainfall measured at Kentland Farms is equivalent to the precipitation occurring across
the Horseshoe and surrounding recharge area.

Precipitation recorded at Kentland Farms totaled 54.67 in. from October 1, 2002, to September
30, 2003. The highest monthly total 7.61 in. occurred in June 2003. The lowest monthly
precipitation occurred in August 2002 when 0.72 in. of precipitation fell. The total precipitation

in January 2003 (1.3 in.) was also significantly lower than other months during the investigation
(Table 4-21).

4.6.3  Groundwater Recharge

Groundwater recharge to the underlying bedrock was estimated using the rate of variation in the
groundwater elevation as an indicator of recharge rate. This estimation technique is called the
Water Table Fluctuation (WTF) method. This method “is based on the premise that rises in
groundwater levels in unconfined aquifers are due to recharge water arriving at the water table”
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Table 4-21

Kentland Farm Precipitation Summary

Monthlmtal Monthly Average Monthly Standard Deviation Maximum Daily Total
Aug-02 0.72 0.0010 0.01 0.27
Sep-02 5.03 0.0070 0.05 1.78
Oct-02 4.19 0.0056 0.02 0.90
Nov-02 4.06 0.0056 0.03 1.04
Dec-02 3.17 0.0043 0.02 0.93
Jan-03 1.30 0.0017 0.01 0.71
Feb-03 5.27 0.0074 0.03 1.83
Mar-03 2.68 0.0036 0.02 1.15
Apr-03 3.47 0.0048 0.02 0.89
May-03 6.53 0.0088 0.04 1.52
Jun-03 7.61 0.0106 0.06 1.29
Jul-03 6.85 0.0092 0.04 2.22
Aug-03 4.24 0.0057 0.05 1.50
Sep-03 5.30 0.0074 0.04 0.93
Oct-03 1.35 0.0018 0.02 0.52




Figure 4-22. Determination of water table fluctuation method parameters dh and dt.
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(Healy and Cook, 2002). The recharge rate is calculated using the following equation:
R=Syx(dh/dt) =Sy x (Ah/At) (1)

where:
R is the recharge
Sy is the specific yield,
h is the water table height, and
¢ is time.

Figure 4-22 shows how the WTF method parameters dh and dt are extracted from hydrographs.
Groundwater levels rise following a recharge event. After a period of time (lag time),
groundwater elevations approach static conditions as infiltrating water is distributed throughout
the groundwater system after the recharge event. This method, when applied during the lag time,
can account for infiltrated water entering the groundwater. To obtain better approximations to
actual recharge, it is recommended that the WTF method be applied over a time scale of hours to
days.

Groundwater recharge is estimated by applying equation (1) to each of the substantial rises in
groundwater elevations that are observed in the hydrographs for the individual monitoring wells.
The specific yield is generated by analyzing pumping test data for each well using the Agtesolv®
computer program. The change in the water table height, dh, is measured by constructing an
antecedent recession curve for each rise in water level. The antecedent recession curve is the
trace that the well hydrograph would have followed in the absence of the rise-producing
precipitation event (Healy and Cook, 2002). The recession curve is extended below the peak of
the hydrograph for the recharge event being analyzed. The difference in the groundwater
elevation at the peak of the rise and the groundwater elevation at low point of the extrapolated
antecedent recession curve is called dh (Figure 4-22). The time difference between the initial
time at which the water level begins to rise and the time at which the extrapolated antecedent
recession curve crosses the timing of the peak water level is called dt. The location and the slope
of the extrapolated recession curve is “somewhat subjective”, however, a pattern or similar curve
should occur for each recharge event in an aquifer.

Groundwater hydrographs from five bedrock monitoring wells (74MW-7, 3IMW-1, 32MW-1,
39MW:-1, and 54MW-4) were used for recharge estimation using the WTF technique. B-3 was
not used because the specific yield value obtained from the well test data was unreasonable (0.5).
The monthly estimates of recharge are summarized in Table 4-22. Shallow wells screened in the
unconsolidated alluvial deposits were not used since these wells responded to the frequent
change in surface water levels in the New River, and therefore the WTF method was not
applicable.

A WTEF calculation was performed for each substantial rise in groundwater elevation
documented between October 2002 and September 2003 at each of the five monitoring wells.
The results of recharge estimation using the WTF method for each well are shown on Figure
4-23. The highest annual recharge rate was estimated to be 2.48 in/yr at monitoring well 74MW-
7, which is located near the junction of two photolineaments in the eastern portion of the HSA,
approximately 1,800 ft from the New River. The recharge estimates for 32MW-1 and 54MW-4
are 1.83 in/yr and 1.26 in/yr, respectively. Monitoring well 32MW-1 is located near a major
photolineament in the central part of the HSA, at a distance of approximately 1,150 ft from the
New River. Monitoring well 54MW-4 is located in the eastern part of the HSA, at a distance of

Radford Army Ammunition Plant
Current Conditions Report
4-68 Draft



Table 4-22
Monthly Recharge Estimates

Recharge (inches) Rainfall (inches)

Month T4MW-7 31IMW-1 I2MW-1 39MW-1 54MW-4 Kentland Farms
Oct-02 0.206 0.010 0.104 0.002 0.025 4.19
Nov-02 0.125 0.011 0.243 0.006 0.047 4.06
Dec-02 0.289 0.012 0.254 0.007 0.083 3.17
Jan-03 0.300 0.008 0.212 0.005 0.051 1.3

Feb-03 0.475 0.013 0.054 0.005 0.085 5.27
Mar-03 0.294 0.005 0.074 0.003 0.179 2.68
Apr-03 0.173 0.004 0.132 0.003 0.038 347
May-03 0.213 0.008 0.075 0.003 0.024 6.53
Jun-03 0.172 0.033 0.233 0.002 0.036 7.61

Jul-03 0.065 0.006 0.145 NA 0.646 6.85
Aug-03 0.047 0.003 0.169 0.002 0.023 4.24
Sep-03 0.119 0.004 0.135 0.003 0.023 5.3
Annual

Recharge
(in/yr) 2.48 0.12 1.83 0.04 1.26 54.67

Note : October 2002 through September 2003 data was used to estimate annual recharge.
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Figure 4-23
Groundwater Recharge Estimates Using the Water Table Fluctuation Method
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approximately 400 ft from the New River. No known geologic feature has been detected in
vicinity of monitoring well 54MW-4.

Significantly lower recharge rates of 0.12 in/yr and 0.04 in/yr were estimated at monitoring wells
31IMW-1 and 39MW-1, respectively. Monitoring well 31MW-1 is screened in weathered
dolostone in the northwest area of the HSA, near a major fault or fracture trace, at a distance of
approximately 350 ft from the New River. Monitoring well 39MW-1 is located in the central
area of the HSA, near a major photolineament, at a distance of approximately 1,100 ft from the
New River. The low estimated recharge rates at these two monitoring wells may be related to
the sinkholes present in the area. Because the WTF method is based on the time it takes for the
recharge water to equilibrate with the groundwater and sinkholes typically act as rapid-flushing
drains, the recharge estimate at these two locations may be biased low; for this reason, these
estimates were not used to calculate the site-wide average recharge rates for REAAP.

The average recharge rates to the bedrock underlying the RFAAP for the water year 2002-2003
(October 2002 through September 2003) range from 1.26 in/yr to 2.48 in/yr, with an average
recharge rate of 1.86 in/yr. Since the precipitation during water year 2002-2003 was higher than
normal, the long term average recharge rate is expected to be less than 1.86 in/yr. The long-term
average rainfall based on records for the Radford weather station maintained by National
Oceanic and Atmospheric Administration is 36.48 in/yr, which is approximately 33% less than
the 54.67 in. of rainfall recorded during the water year 2002-2003. Therefore, the long-term
recharge rate to the bedrock beneath the HSA is estimated to be approximately 1.25 in/yr.

4.6.4 Evapotranspiration

The ET potential was estimated for the RFAAP using the Thornthwaite method (Dunne and
Leopold, 1978). Data from the weather station at Kentland Farms, located across the river from
SWMU 31, was used to calculate the ET potential for the RFAAP. The Kentland Farms weather
data corresponds to the 2002—-2003 water year (October 2002 through September 2003). This
data was compared with the long-term average ET potentials calculated for the nearby cities of
Pulaski and Blacksburg, VA. Weather data covering a 30-year period (1971-2000) was available
for these two locations.

The Thornthwaite method of estimating ET uses the mean monthly air temperature as an index
of energy available for ET. It assumes that the temperature is correlated with the combined
effects of the controlling parameters on ET, such as net radiation and wind speed. It is also
assumed that there is a fixed proportion of energy available for heating the atmosphere and ET.

The formula for calculating ET is as follows:
E.=1.6 { or, | M)
r

Where E, . potential ET in (cm/month)
T, = mean monthly air temperature (°C)

13 1.5
. : T, |
I = annual heat index = Z ——L—-I (2)
i=1 5 _]
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a=0.49 +0.01791 - 0.0000771 I 2 + 0.000000675 I ® 3)

Corrections to this formula were made for the number of days per month and the length of day,
which is a function of latitude. Two control locations, each located approximately 15 miles from
the RFAAP, were used to verify the accuracy of the ET estimates for RFAAP. These included
Blacksburg, VA, to the northeast and Pulaski, VA, to the southwest. The latitude for
Blacksburg, VA, is 37°12’ N and the latitude for Pulaski, VA, is 37°03" N. The latitude for
RFAAP is 37°06’ N. Table 4-23 shows the correction factors extrapolated between the latitudes
of 30° to 40°. The end point correction factors for 30° and 40° are listed in Dunne and Leopold,
1978. The correction factor is multiplied by the calculated total potential ET calculated from
equation (1) to obtain the latitude corrected ET potential.

The highest ET potentials are expected to occur in the summer months because of the increased
temperatures and increased amount of daylight, whereas the winter months have the least ET
potentials due to the decreased temperatures and daylight. The ET potentials for RFAAP,
Pulaski and Blacksburg were calculated and corrected for latitude. Results are summarized in
Table 4-24.

Table 4-23
Latitude Correction Factors Used in the Thornthwaite
Method of Estimating Evapotranspiration
Dunne and Leopold, 1978

Latitude | Jan Feb | March | April | May | June [ July | Aug | Sept [ Oct Nov | Dec
40 0.8 0.89 0.99 1.1 1.2 1.25 | 1.23 1.15 1.04 | 093 | 0.83 | 0.78
39 0.8064 | 0.894 | 0.991 | 1.097 | 1.194 | 1.242 | 1.223 | 1.146 | 1.039 | 0.933 | 0.836 | 0.787
38 0.8127 | 0.898 | 0.992 [ 1.094 [ 1.188 | 1.234 | 1.216 | 1.142 | 1.038 | 0.936 | 0.842 | 0.794
37 0.8191 | 0.902 | 0.993 | 1.091 | 1.182 | 1.226 | 1.209 | 1.138 | 1.037 | 0.939 | 0.848 | 0.801
36 0.8255 1 0.906 | 0.994 | 1.088 | 1.176 | 1.218 | 1.202 | 1.134 | 1.036 | 0.942 | 0.854 | 0.808
35 0.8318 1 091 | 0995 | 1.085 | 1.17 | 1.21 | 1.195| 1.13 | 1.035 1 0945 | 0.86 | 0.815
34 0.8382 | 0914 | 0996 | 1.082 | 1.164 | 1.202 | 1.188 | 1.126 | 1.034 | 0.948 | 0.866 | 0.822
33 0.8445 [ 0918 | 0997 | 1.079 | 1.158 | 1.194 | 1.181 | 1.122 | 1.033 | 0.951 | 0.872 | 0.829
32 0.8509 [ 0922 | 0.998 | 1.076 | 1.152 | 1.186 | 1.174 | 1.118 | 1.032 | 0.954 | 0.878 | 0.836
31 0.8573 109261 0999 | 1.073 | 1.146 | 1.178 | 1.167 | 1.114 { 1.031 [ 0.957 | 0.884 | 0.843
30 0.87 0.93 1 1.07 1.14 | 1.17 { 1.16 | 111 1.03 | 096 | 0.89 | 0.85
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Table 4-24
Monthly Evapotranspiration Potentials for RFAAP, Blacksburg and Pulaski, VA

Latitude Corrected Evapotranspiration Potential (inches)

Location P’?:;)ed Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Annual

RFAAP*  |2002-2003] 0.07 | 0.02 1 097 | 1.80 | 296 | 4.09 | 475 | 4.66 | 2.99 ] 1.81 | 054 | 0.06 | 2473

Pulaski 197(-20001 0.01 | 0.12 1 0.79 | 1.74 | 3.24 | 450 | 506 | 458 [ 3.34 ] 177 | 0.78 | 0.16 | 26.09

Blacksburg }1971-2000] 0.05 | 0.07 | 0.74 | 1.79 | 3.13 | 446 | 5.03 } 453 | 322 | 1.70 | 0.75 | 0.10 [ 25.56

Notes:
* - RFAAP estimates based on data collected at Kentland Farms, Virginia, between October 2002 and September 2003

The annual ET potential for Blacksburg, VA, is 25.56 in. Higher ET potential occurs during the
summer months of June through August, with the highest ET potential in the month of July (5.03
in.), while the lowest ET potential occurs in the month of January (0.05 in.). The annual ET
potential for Pulaski, VA, is 26.09 in. The higher ET potentials for Pulaski also occur during the
summer months of June through August, with the highest ET potential of 5.06 in. in July. The
lower ET potentials for Pulaski are in the winter months of December through February, with the
lowest ET potential occurring in the month of January (0.01 in.).

The ET potential calculated for the RFAAP during 2002-2003 water year is 24.73 in. Higher ET
potentials occur during the months of June through August. The Thornthwaite method estimates
that the highest ET potential at RFAAP is approximately 4.75 in. in the month of July, while the
lowest ET potential is 0.02 in. in the month of February. As shown on Figure 4-24, the annual
ET and the seasonal variability in ET potential calculated during the 2002—-2003 water year at
RFAAP is similar to the long term trends observed at the control stations of Blacksburg, VA, and
Pulaski, VA.

4.6.5 Runoff

Runoff occurs when precipitation falls to the ground and moves toward surface water bodies
without infiltrating into the subsurface. Factors, which affect runoff, include the following:

e soil type and depth;

o the presence or absence of vegetation;

s the presence or absence of impervious surfaces such as pavement or buildings;

s general topography;

¢ the intensity of the precipitation;

e the form of precipitation (rain or snow); and,

¢ the antecedent moisture conditions (dry vs. moist soil at the time of precipitation).
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Runoff was calculated using the SCS Runoff Curve Number method (SCS, 1986). This method
approximates runoff at a location by removing the abstractions (losses) of water that occur before
and after the initiation of runoff from the magnitude of rainfall during an individual storm event.
The water losses are due to retention in surface water depressions, interception by vegetation,
evaporation, and infiltration into the ground. These losses depend upon the soil and land cover
conditions that exist within the watershed. The SCS equation for calculating runoff is:

(P - 1)

V= ) +s

(2

where:
Q is the runoff (inches),
P is the rainfall (inches),
S is the potential maximum retention after runoff begins (inches), and
I, is the initial abstraction (inches)

The term initial abstraction (1) includes water losses that occur before ponding and runoff
begin. It is related to the curve number (CN) through the following equations, which have been
empirically derived through studies of several small agricultural watersheds.

I, =028 3)
where
= I_OO.O_ - 10 C))
CN

The dimensionless runoff curve numbers, which range from O to 100, quantify the relationship
between land use conditions and the runoff potential. The major factors that establish the CN are
the hydrologic soil group (HSG), cover type, treatment, hydrologic condition, and antecedent
runoff condition. Soil is classified into four HSGs (A, B, C and D) based on minimum
infiltration rate, which is the infiltration rate for bare soil after prolonged wetting. The HSG for
the HSA and the RFAAP area soil is B (SCS, 1986). The cover types, such as vegetation, bare
soil, impervious surfaces, etc. were assigned using topographic maps and information published
in the Virginia 2002 Non Point Source Assessment [Virginia Department of Conservation and
Recreation (DCR), 2002]. Land treatment refers to the modification of cover type, including
mechanical practices such as contouring and terracing and management practices such as crop
rotations and tillage reductions. Land treatment information for the RFAAP area, the HSA, and
the soil in the surrounding watersheds were assigned from topographic maps and published
information (DCR, 2002). The hydrologic condition indicates the effects of cover type and
treatment on infiltration and runoff. This condition was resolved from the information published
by DCR. Good hydrologic condition indicates low runoff potential. The antecedent runoff
condition is an index of runoff potential before a storm event, and results in variation of CN at a
site from storm to storm. Each of these factors was incorporated in the runoff estimates by
performing the runoff calculations separately for the major storm events.
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Latitude Corrected Evapotranspiration (inches/month)

Figure 4-24
Estimated Evapotranspiration Potential at
RFAAP (Kentland Farms), Blacksburg and Pulaski, Virginia
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To assign the CNs used in calculating runoff, land use patterns in the watersheds contributing to
the hydrologic budget for the HSA and the RFAAP were classified. The classification was done
by DCR for the Montgomery and the Pulaski County watersheds, and the City of Radford
watershed. The land use patterns are summarized and presented graphically on Figure 4-25.
The land use patterns for Montgomery and Pulaski counties are similar in that they are primarily
rural usage, with approximately 90% of the land being classified as forests, wetlands, hay
cultivation areas and pasture lands. The City of Radford is primarily urban, with approximately
50% of the land classified as pervious and impervious urban. Land use patterns were also
classified for two additional watersheds: the New River Bridge watershed and the Water Intake
#2 watershed. These two watersheds are subsets of the Montgomery and Pulaski County and
City of Radford watersheds (Figure 4-19). The New River Bridge watershed encompasses the
geographic area draining into the river between the USGS Gauging Station at Radford and the
New River Bridge; and includes the East Radford, Christiansburg, and Peppers Ferry areas, as
well as the southern and western portions of the MMA. The Water Intake #2 watershed
encompasses the geographic area which drains into the river between the New River Bridge and
Water Intake #2 and includes the Blacksburg, Prices Fork, Longshop, Whitethorne (including the
Virginia Tech Kentland Farm agricultural research station), and Wake Forest areas, as well as the
eastern portions of the MMA and the majority of the HSA. The HSA is located in the
Montgomery and Pulaski County watersheds, and therefore is expected to have similar runoff
patterns. The land use patterns are summarized and presented graphically on Figure 4-26.

Potential runoff values were calculated for the five watersheds based on the land use pattern
information on Figures 4-25 and 4-26. In performing the calculations, each major land use
category in the five watersheds was assigned a CN based on empirical data tabulated by the SCS
(USDA, 1996), which was subsequently used to calculate an average CN for each watershed [see
equations (2), (3) and (4) above and Tables E-4a through E-8a in Appendix E]. The average
CN for each watershed was then used to calculate the potential runoff following the largest
monthly storm event [see equations (2), (3) and (4) above and Tables E-4b through

E-8b in Appendix E]. The CNs were also used to estimate the losses before runoff begins, i.e.,
losses due to initial abstraction [see equations (3) and (4) above]. Runoff calculations were
performed for each month in the water year (October 2002 through September 2003). Table
4-25 and Figure 4-27 summarize the runoff estimates per watershed for the largest storm events
in each month of the water year. For storm events where the total rainfall P was less than the
losses due to initial abstraction I, (P < I,), runoff was not expected. For storm events where total
rainfall P was greater than the losses due to initial abstraction I, (P > I,), a runoff value was
calculated.

The runoff estimates are also expressed as a percentage of rainfall on Figure 4-28. As shown on
the figure, runoff constituted a significantly higher percentage of rainfall for the City of Radford
watershed as compared to the other watersheds. The figure also shows that, in addition to being
much less than the City of Radford watershed, runoft percentages for the New River Bridge,
Water Intake #2, Montgomery County and Pulaski County watersheds were similar to each other
in magnitude. In general, runotf was not observed within these four watersheds for storm events
with less than 1.5 in. of rainfall. For larger storm events, runoff increases with the amount of
rain. Furthermore, a low percentage of runoftf is expected in areas with karst features because
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Figure 4-25
Landuse Classification for City of Radford and Montogomery and Pulaski Counties, Virginia.
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Landuse %

Figure 4-26

Landuse Classification for the New River Bridge and Water intake #2 Watersheds

80 5 - S - - i
! ‘ i ‘
| 1 |
; \
i ! 5
70 4 S - - 4‘ SN S . H —
[ i
| :
60 - - - - - - ’Lw - ‘ 1
|
50 + : — -
1
|
|
404 e — - - —
| | |
j | 1
i i |
30 - ; — 1o
; 1
20 1 S |- I - |-
! ? !
| i !
10 1 S R - : i
3
| r
: i i -
0! | 11 | [ a - |
. . . — Woods (good
Urban Impervious Residential - 1/2-  Residential - 1-acre Industrial hydrologic Meadow
acre lots lots -
condition)
O New River Bridge 4.75 5.11 1.93 227 68.6 17.34
OWater Intake #2 7 2.94 2.2 0] 77.02 24

Landuse categories

O New River Bridge OWater intake #2

Straight Rowcrop
and Crop Residue
Cover

Row Crops

53

]

Herbacious-mix of
grass, weeds, and
low-growing brush

3.14



g5/

—

Table 4-25

Monthly Runoff Estimates

Watersheds Contributing to the Horseshoe Area

Rainfall
measured

during

largest Storm event runoff (inches) Runoff as percent of total rainfall (%)

storm Watershed Watershed

Water Intake| Montgomery Pulaski City of Water Intake| Montgomery Pulaski City of

Month (inches) Bridge #2 County County Radford Bridge #2 County County Radford
Oct-02 1.50 0.00 0.00 0.00 0.00 0.21 0% 0% 0% 0% 14%
Nov-02 1.65 0.01 0.01 0.01 0.01 0.27 1% 1% 1% 1% 16%
Dec-02 0.99 0.00 0.00 0.00 0.00 0.04 0% 0% 0% 0% 5%
Jan-03 1.03 0.00 0.00 0.00 0.00 0.05 0% 0% 0% 0% 5%
Feb-03 2.80 0.25 0.27 0.25 0.24 0.93 9% 10% 9% 8% 33%
Mar-03 1.44 0.00 0.00 0.00 0.00 0.18 0% 0% 0% 0% 13%
Apr-03 2.26 0.10 0.11 0.1 0.10 0.59 5% 5% - 5% 4% 26%
May-03 3.27 0.41 0.44 0.42 0.40 1.26 13% 13% 13% 12% 38%
Jun-03 5.47 1.53 1.59 1.55 1.51 3.01 28% 29% 28% 28% 55%
Jul-03 4.26 0.86 0.90 0.87 0.84 2.01 20% 21% 20% 20% 47%
Aug-03 3.78 0.63 0.66 0.64 0.61 1.64 17% 17% 17% 16% 43%
Sep-03 2.28 0.1 0.12 0.1 0.10 0.60 5% 5% 5% 4% 26%




Figure 4-27
Runoff Estimates Based on Precipitation Total For Largest Storm Each Month
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Monthly Runoff Estimates Expressed as % of Rainfall
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karst features are efficient at collecting surface water and increasing infiltration into the
subsurface.

4.6.6 Natural and Artificial Water Sources and Sinks

Assessing the pathways that water takes when moving from sources to sinks is a key element in
balancing a water budget. Sources add water to an area while sinks remove water from an area;
they can be natural or artificial (i.e., manmade). As stated above, the water budget for the HSA
includes sources and sinks within the Montgomery County and Pulaski County watersheds and
the City of Radford watershed, and more specifically, the New River Bridge and Water Intake #2
watersheds, as shown on Figure 4-19. Natural sources in and around the HSA include springs
and tributaries whereas artificial sources include discharges by the Peppers Ferry, Stroubles
Creek, and RFAAP WWTPs. Natural sinks include the river itself and artificial sinks include
Water Intakes #1 and #2. While it was not possible to account for the contributions from every
source and withdrawals from every sink in the groundwater system, at least one representative
from each group was measured throughout the long-term water level survey.

4.6.6.1 Sources

The four primary sources for water entering the HSA system include: dozens of springs;
approximately five tributaries of varying size; discharges from the Peppers Ferry, Stroubles
Creek and RFAAP WWTPs; and the New River.

Springs are the primary natural discharge points for karst ground water aquifers. The springs
generally occur at local or regional base level or at a point where the land surface intersects the
water table, in a river bed for example (Mull et al., 1988). Two springs were factored into the
water budget: the HWMU 16 Spring (gauged by Shaw), because it is located in the interior of the
HSA; and Spring 014, located in Montgomery County and gauged by RFAAP. Flow from the
HWMU 16 Spring was manually measured each month during the investigation and averaged
approximately 2.9 gal/min, which translates to an estimated value of 31,669 gallons per day or
11.56 million gallons per year. Flow from spring 014, as reported by RFAAP, was much lower;
contributing 1.27 million gallons per year. Parsons Spring’s flow is assumed to be included in
the discharge measured at the New River Bridge.

Tributaries entering the New River were estimated by gauging Thompson’s Creek, which is
located a short distance upstream from Water Intake #2 at Whitethorne. The stream was gauged
in December 2002 and in March and July 2003. Each measurement was assumed to equal the
average daily flow for a period of four months; 36.34 MGD from October 2002 to January 2003,
19.69 MGD from February to May 2003, and 10.70 MGD from June to September 2003. The
amount of water contributed to the system from Thompson’s Creek totaled approximately 7.9
billion gallons.

The Stroubles Creek WWTP is located southeast of the HSA. The creek enters the New River
on the southeast side of the MMA. The WWTP contributes approximately 2.7 billion gallons of
water each year to the New River in the vicinity of the HSA. This volume does not include the
volume of water, which is contributed by Stroubles Creek itself.

The RFAAP monitors the discharge of water from the MMA and HSA at five outfalls along the
New River. From October 2002 to September 2003, a reported 7.1 billion gallons of water were
discharged into the New River.
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The New River itself is the largest source of water entering the HSA, with an estimated 315
billion gallons accounting for over 68% of the total input over the period of the investigation.
The flow in the New River was gauged multiple times throughout the investigation. The
measurement recorded in July 2003 was assumed to be the average flow in the New River over
the entire year. This measurement was the single flow recorded which was not influenced by
multiple fluctuations of flow caused by power generation at the Claytor Dam (see Section 4.4.6).
Power generation occurs between mid October and mid April. However, the dam was releasing
between approximately 4,000 cfs and 6,000 cfs, the two mornings the July 2003 gauging
occurred. This was presumably in an effort to lower the level in the reservoir to allow for the
inflow of water generated from large precipitation event (2.22 in. recorded locally) which
occurred on July 2. Hourly discharges from the Claytor Dam from September 9, 2002, through
September 30, 2003, can be found in Appendix F.

As previously stated, it is not possible to measure each source or sink; however, their combined
volume can be estimated if a number of other factors are known. The amount of water
contributed by the remaining springs, creeks, and other sources was estimated to be 91.9 billion
gallons per year or approximately 252 MGD; the amount needed to produce the average change
in the water table elevation observed over the study area.

4.6.6.2 Sinks

Sinks are places where water is permanently removed from a hydrologic system. The natural
sink for the HSA is the New River, which carries water out of the region. During the
groundwater investigation, the New River was gauged on the upstream side of Water Intake #2
on the north side of the HSA. The estimate for the amount of water leaving the HSA, 452 billion
gallons per year, is based on measurements taken in July 2003. Water removed for human use is
considered a depletive or consumptive use and includes agricultural irrigation,
manufacturing/industrial uses, and municipal water supply. In the area of the HSA, the RFAAP
removes water from the New River at Water Intakes #1 and #2 for power/steam generation,
process cooling, wastewater treatment, firefighting, and drinking water. Available records show
that Water Intake #1 removed 5.7 billion gallons of water from the New River between October
2002 and September 2003. Records for Water Intake #2 were not available for this report.

Natural sinks commonly present in karst areas include swallets and estavelles located in stream
or river beds. Swallets are easily located in small streams and may account for the loss of all or
part of their flow to the groundwater system (Mull et al., 1988). In large rivers such as the New
River, small swallets may exist but are difficult to find unless water levels are extremely low. A
second karst feature called an estavelle may normally allow water to drain into the subsurface
but during flooding events or when the water table is raised due to increased precipitation may
discharge water from the karst aquifer. Both of these natural sinks are difficult to identify in this
study area and their influence is accounted for in the water budget estimation of water needed to
account for the water table changes across the HSA.

4.6.7 Water Budget Summary

Table 4-26 below summarizes the inflow, outflow, and change in storage, which occurs in the
HS A watershed each month from October 2002 to September 2003. Precipitation contributed
0.2% of the total inflow into the HSA watershed and RFAAP contributed 1.65%. The New
River was the largest input of water, contributing 68% of the total annual inflow. The remaining
surtace waters (springs and creeks) and subsurface flow contributed 25% of the total inflow.
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Of the estimated 875 million gallons of precipitation, which fell from October 2002 to
September 2003, 395.97 million gallons was potentially lost to the atmosphere through ET, and
4.10 million gallons resulted in runoff. Approximately 452 billion gallons where discharged by
the New River at Water Intake #2.

The water budget data suggests that the New River has been gaining water throughout the study
period. The periodic gauging of the New River also shows greater outflow than inflow except
during July and September of 2002 during which time the RFAAP area was experiencing a
significant regional drought.
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Water Budget Summary

Table 4-26

Radford Army Ammunition Plant, Radford, VA

1) The Total Regional Area approximates the area contributing surface water to the HSA.
2) New River Bridge Fiow and RFAAP Intake #2 Flow value is estimated from 2 transects completed in July, 2003. ltis assumed that this is the average flow throughout the year because measurements

done in previous months were influenced by Claytor Dam Releases.
3) Thompson's Creek - measured December-02, March and July-03 These measurements are considered the average flow for the two months proceeding and 1 month following.

4) Waste water treatment effluent reported as monthly total discharged into the New River.
5) Total Flow estimated for springs, creeks, and subsurface flow which could not be measured

6) Runoff calculated with the SCS Method and based on highest rainfall/month, Total runoff from the Bridge and Intake #2 watersheds

7) Wells 31MW-1 and 39MW-1 are not included in the average Recharge rate for the site because of their proximity to photolineaments and sinkholes. It was assumed that the estimates for these two wells

would be biased low and are therefore not included.

E:IShaded cells were measured during groundwater study.

Month Oct-02 Nov-02 Dec-02 Jan-03 Feb-03 Mar-03 Apr-03 May-03 Jun-03 Jul-03 Aug-03 Sep-03 Annual Monthly % of total Daily
# Days per month 31 30 31 31 28 31| 30 31 30 31 31 30 Totals Averages input | Totals
-~ Total Regional Area ' 1.4E+09 1.4E+09 1.4E+09 | 1.4E+09 | 1.4E+09 1.4E+09 1.4E+09 1.4E+09 1.4E+09 | 1.4E+09 | 1.4E+09 1.4E+09
E HSA Area 9.8E+07 9.8E+07 9.8E+07 9.8E+07 9.8E+07 9.8E+07 9.8E+07 9.8E+07 9.8E+07 9.8E+07 9.8E+07 9.8E+07
- Monthly Total Precipitation 4.19 4.06 3.17 1.32 5.27 2.68 3.47 6.53 7.61 6.85 4.24 5.28 54.65 4.55 0.15
E Runoff 0.0004 0.0002 0.0004 0.0010 0.0004 0.0001 0.0005 0.0001 0.0000 0.0014 0.0000 0.0004 0.0049 0.0004 O'OO
Potential Evapotranspiration 1.81 0.54 0.06 0.07 0.02 0.97 1.8 2.96 4.09 4.75 4.66 2.99 24.72 2.06 0.07
Precipitation 67 65 51 21 84 43 56 105 122 110 68 85 875.37 72.95 0.21 2.40
New River at Bridge Flow * 26,210 26,210 26,210 26,210 26,210 26,210 26,210 26,210 26,210 26,210 26,210 26,210 | 314522.28 26210.19 68.59 861.70
HWMU-16 1.0 1.0 1.0 1.0 0.9 1.0 1.0 1.0 1.0 1.0 1.0 1.0 11.56 0.96 0.00 0.03
% g 014 Spring-Montgomery Co. 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 1.27 0.11 0.00 0.00
=¥ Thompson's Creek ° 1127 1127 1127 1127 517 517 517 517 332 332 332 332 7902.52 658.54 1.72 21.65
EE Stroubles Creek WWTP * 185 197 197 176 225 220 233 215 262 228 420 191 2749.44 229.12 0.60 7.53
Total RFAAP Discharge 609 548 596 595 558 612 550 612 598 598 631 599 7106.85 592.24 1.55 19.47
Other Springs, Creeks, & Subsurface 2912 2 . ‘
Flow ® 070 5531 6821 6661 9223 9744 7722 9535 5960 7949 7804 91930.44 7660.87 20.05 251.86
\ Input (BGMo) 36.1 35.2 33.7 35.0 34.3 36.8 37.3 354 374 334 35.6 35.2 425,10 3542 1.16
o = Potential Evapotranspiration 29 9 1 1 0 16 29 47 66 76 75 48 395.97 33.00 0.09 1.08
o . . . .
£z E Runoff © 0.00 0.01 0.00 0.00 0.27 0.00 0.11 0.44 1.59 0.90 0.66 0.12 4.10 0.34 0.00 0.01
o 2= New River at Intake#2 2 37,695 37,695 37,695 37,695 37,695 37,695 37,695 37,695 37,695 37,695 37,695 37,695 | 452338.82 37694.90 98.65 1,239.28
Output (BGMo) 37.72 37.70 37.70 37.70 - 37.70 7. - 37.72 37.74 - | 3776 37.77 37.77 37.74. 5769.29 48077 1.26 15.81
e ¥
2 U5 |-~
«© [o] o x g . 7
£ = 5 g_ g Average Recharge in HSA 1.79 2.22 3.35 3.01 3.28 2.55 1.22 1.66 2.36 4.57 1.27 1.48 28.76 2.40 0.08
5 .
0 —
z @<
Change in storage (MGMo) 1.61 2.49 . 3.98 275 3.44 0.88 0.41 2.36 0.70 4.33 216 . }.: 252 27.64 2.30 0.08
Monthly average change in water level over entire site 0.2 -0.3 -0.6 0.3 -0.2 1.7 0.8 -0.7 1.7 0.2 -0.9 -1.0



I 5.0 CURRENT CONDITIONS I

This section presents a conceptualized understanding of the current geologic and hydrogeologic
conditions at the HSA. The following discussion summarizes the current understanding of the
geologic and hydrogeologic conditions of highly deformed, fractured and karstified terrains and
how they relate to groundwater flow in the HSA.

51 GEOLOGY

The geology of the HSA and the surrounding region is typical of the Valley and Ridge Province
and contains severely deformed Cambrian through Pennsylvanian aged carbonates and fluvial
deposits such as sandstones, shales, and mudstones overlain primarily by loams. The regional
deformation is largely due to the response of the Pulaski thrust fault depicted in Figures 3-1
through 3-3 and Figure 4-1 (regional geology, physiography, and photolineament maps). This
fault is one of several major southeast dipping Alleghenian thrust faults in the southern
Appalachians (Schultz, 1986), which resulted in older, Cambrian-aged rocks emplaced over
younger Mississippian-aged rocks.

The primary structural control in the HSA is the Pulaski thrust sheet. Numerous thrust
imbrications have resulted from successive tectonic events and have increased the number of
faults and degree of folding. The primary lithologic control in the HSA is the Elbrook formation,
which includes massive limestone and dolostone units, fractured by the long history of structural
deformation. The formation of karst features such as sinkholes suggest that fractures and
fissures present in the dolostone have been enlarged by solution resulting from water percolating
into the subsurface. The presence of large extensive caves is unlikely due to many factors
including intense fracturing of the dolostone unit.

The fault surface of the Pulaski thrust sheet is not exposed in the HSA and is rarely exposed in
the surrounding area. It is not clear what effect this surface has on groundwater in the HSA. The
lack of definitive subsurface stratigraphy and lack of monitoring wells located to the west of the
fault trace make it difficult to know if this fault acts as a pathway for groundwater movement or
a confining layer preventing groundwater from moving vertically into the subsurface. An
investigation to assess the effect that the thrust sheet has on groundwater movement in the HSA
is part of the recommendations section of this report (Section 6.0)

Rocks of the thrust sheet consist of two distinct lithologic units (lower and upper). Rocks of the
lower part of the sheet include the Lower Cambrian Rome Formation and Lower fraction of the
Middle Cambrian Elbrook Formation. These units are mechanically anisotropic (1.e., there is
varying competency in different directions) and alternate between low competency (laminated
and thinly bedded dolomites and argillaceous phyllites) and high competency (massive dolomites
and limestones). The upper part of the thrust sheet is more mechanically 1sotropic and more
competent. This section is primarily made up of massive dolomites and thin to thick-bedded
limestone of the Elbrook Formation and the Upper Cambrian Conococheague Formation
(Schultz, 1983).

5.2 HYDROGEOLOGY

Groundwater in the HSA is in an unconfined aquifer. The water table in an unconfined aquifer is
defined as the level to which free-standing water in unconsolidated sediments, fractures, and
pores will rise and be at equilibrium with atmospheric pressure. In the HSA, the unconfined
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aquifer is present in the unconsolidated sediments and in the underlying dolostone unit. The
portion of the unconfined aquifer in the highly fractured dolostone unit is considered a karst
aquifer.

Karst aquifers such as the one in the HSA are said to have a “duality” (Kiraly, 2003). This
duality is typically expressed as hydrologic units exhibiting extreme end members of many
standard hydraulic parameters (i.e., permeability, infiltration, groundwater flow, and discharge).
The “duality of karst” aquifers is exemplified in the “high permeability, generally unknown
channel network with wide [fracture zones], which [are embedded] in a low permeability
fractured limestone, and is well connected to a local discharge area, the Karst spring” (Kiraly,
2003). Karst aquifer duality is also characterized by infiltration, which is both diffuse (slow)
into the low permeability volumes, and concentrated (fast) into karst surface features or through
the highly permeable epikarst (Figure 5-1). The slow infiltration leads to “low flow velocities in
the fractured volumes” and the concentrated flow results in “high flow velocities in the channel
network” (Kiraly, 2003). According to ASTM, 1995, “rapid flow takes place in conduits >5 to
10 mm in diameter where velocities generally exceed 0.001 m/s” and ““flow in the rock matrix
and through fractures that have not been significantly modified by dissolution is typically slow
(<0.001 m/s).” Finally, the duality is exhibited by the discharge springs with low flow diffuse
seepage from the low permeability volumes and the high velocity, concentrated flow discharging
from the larger fractures and conduits (Kiraly, 2003).

Evidence of this karst aquifer duality in the HSA is shown in continuously recorded transducer
data from several wells and springs. Hydrographs from bedrock wells 31MW-1, 32MW-1, and
39MW-1 (Figures 4-5 through 4-7) and alluvial/unconsolidated wells 31MW-3 and 54MW-3
(Figures 4-10 and 4-11) have multiple examples of features typically associated with karst
aquifers. One notable feature in the hydrographs is the contrast between the rapidly decreasing
recession curve, after the peak in water level, followed by a change to a much slower decrease in
the recession curve. A recession curve is the section of a hydrograph which extends from a peak
to the start of the next increase in water level. This feature is indicative of the dual permeability
(*‘duality”) found in karst aquifers. The rapid decrease results from the emptying of the high
permeability fractures in the epikarst and the slower decrease reflects the emptying of the smaller
fissures and secondary fractures. The opposite effect is seen in the conductivity values record in
karst springs. As shown in the hydrographs for Parsons Spring and HWMU 16 Spring (Figure
4-13 and 4-14), storm or snow melt causes the conductivity values to drop rapidly through the
dilution of the spring water chemistry. According to Kiraly, 2003, this suggests not only a well-
developed karst aquifer but also that a significant portion of the infiltration is draining rapidly
toward the high permeability karst channel network and the springs. This can have a major
effect on the transport of COCs from SWMUs to the discharge points (i.e., numerous springs)
located along the New River. Similarly, Field (1990) explains “if contaminants have not entered
directly into a subcutaneous drain [or sinkhole], they are likely to flow both vertically and
laterally through this zone” and their release “occurs primarily during large storm events that
tend to flush out the chemicals.” However the large storm events also tend to push COC into
storage in the rock matrix, in higher cave levels, and into other hydrologic zones ultimately
retarding their removal from the karst system (Dutt Komor, 1998).

The groundwater flow network found in the HSA can be differentiated into three end-member
types according to the nature of the voids in which the water is stored and through which it is
transmitted, namely:
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1. porous (or granular) flow;
2. fissure (or fracture) flow; and,
3. conduit flow.

The first type is the primary porosity and intergranular permeability seen in the soil profile as
well as the fluvial sediments found along the New River and in the terrace deposits in the interior
of the HSA. It is also found in areas with minimal fractures, fissures, and faults. The second
type of flow is the fracture flow seen in the vadose zones and epikarst, and in some parts of the
saturated zone. The third type is characterized by conduit flow that occurs below the water table.
The first and second types are the primary methods of transmitting meteoric water, solutes, and
perched groundwater to the saturated zone, the surface (springs or seeps), and finally to the New
River. The third type is the method by which water moves from one region in the HSA to
another and discharges water to the surface in the form of springs (e.g., Parsons Spring and
HWMU 16). The following sections (Sections 5.2.1 — 5.2.3) describe the three mechanisms for
water movement through the HSA.

521 Porous Flow

Primary porosity is the mode of transportation for water in the HSA associated with
unconsolidated overburden and unconsolidated fluvial and terrace deposits. The loamy soil in
the HSA is very permeable due to the mixture of clay, silt, sand, and organic matter and allows
water to flow easily towards the New River. This type of porosity contributes very little to
circulation of water but contributes to storage (Ralston, 2000). The groundwater contour maps
on Figures 4-1 and 4-2 and Appendix B show smooth, even contours which widen toward the
river. This contour pattern indicates that topography is the primary control on the
unconsolidated fluvial and terrace deposits. The southernmost region of the eastern horseshoe
shows much steeper contours than the topographically flatter northeast side of the horseshoe.

The effect of rising and falling river levels at Water Intake #2 can be seen in the hydrograph data
(water level, temperature, and conductivity) of monitoring wells located in the highly permeable
sandstone and fluvial deposits along the margin of the New River (31MW-3 and 54MW-3). The
hydrographs for monitoring wells 31MW-3 (Figure 4-10), screened across the interface between
the unconsolidated deposits and the bedrock, and 54MW-3 (Figure 4-11), screened in the
unconsolidated fluvial deposits, show the very strong influence that the river stage has on wells
in these areas. The hydrographs show that peaks in the respective water level curves on
February 23-26, April 11-14, and July 3-4 occur almost simultaneously in the New River and the
two monitoring wells. Even much smaller fluctuations in water level between the three
monitoring points are very similar. The rate at which the water level increases and decreases is
much faster in the New River than in the monitoring wells. This is to be expected because the
pulse of water in the river resulting from precipitation events or dam releases passes the New
River Bridge and Water Intake #2 in hours to days whereas water entering the well from the
surrounding formation takes longer (approximately 7 — 14 days) as water moves through the
unconsolidated sediments. Differences in the rate at which the water level increases and
decreases can also be seen between the two monitoring wells. Monitoring well 31MW-3 has
sharper peaks while monitoring well 54MW-3 has wider, gentler peaks, suggesting that there is a
higher degree of connectedness to the river in monitoring well 31MW-3.
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The water temperature profile in monitoring well 31MW-3 mimics the normal seasonal trends
recorded in the New River but is slightly skewed to reflect the time it takes for the regional
effects of air temperature to affect the groundwater. The water temperature profiles show that
the yearly low occurs in January in the New River while the yearly low occurs in February in
monitoring well 31MW-3. Monitoring well 54MW-3 also shows a cyclical trend in water
temperature, however, it is skewed much further into the summer months and exhibits a much
smaller difference between the yearly high and low than does monitoring well 31MW-3. These
differences suggest that there is a much greater influence from groundwater, which has a more
stable temperature throughout the year, in monitoring well 54MW-3 than in monitoring well
31MW-3 and again suggests a higher degree of connectedness between the river and monitoring
well 3IMW-3. Furthermore, the conductivity values are much more variable in monitoring well
31MW-3 than in monitoring well 54MW-3, which also suggests that groundwater infiltrating
into monitoring well 54MW-3 is less influenced by surface waters than is monitoring well
31IMW-3. '

This interpretation of the relationship between the river, unconsolidated/fluvial sediments,
monitoring well 31 MW-3 and monitoring well 54MW-3 is supported by the local geology.
Monitoring well 31MW-3 is in close proximity to a large fracture trace identified in the
photolineament analysis while monitoring well 54MW-3 is removed from the interpreted
structural features. This suggests that monitoring well 31MW-3 is influenced by the New River
but it is also influenced by water moving through fractures from farther away or quickly
infiltrating from surface runoff.

5.2.2  Fissure (or Fracture) Flow

The epikarst, is characterized by extreme fracturing and enhanced solution (see Section 3.3.1)
and contains the most common form of porosity and permeability in the HSA (Figure 5-1). The
secondary porosity found in this zone contributes to the local drainage of groundwater from or
toward dominant conduit features (Ralston, 2000). This zone is separated from the saturated
zone by an inactive, relatively waterless interval of bedrock that is locally breached by vadose
percolation (Ralston, 2002). The epikarst is the zone of water storage and transport. It may be
heterogeneous; occurring locally around large fractures, faults, and bedding planes or it could be
homogeneous, interconnecting the large fracture zones identified in the photolineament analysis.

The heterogeneity vs. homogeneity of this type of flow system is dependent on many factors
including deformation intensity and style (brittle vs. ductile) geology, lithology, climate, and
vegetation; and in the HSA, structural deformation of the bedrock is the predominant feature.
The rapid response in the karst wells 31MW-1, 32MW-1, and 39MW-1 is not seen in the
hydrographs for bedrock wells 74MW-7, B-3, and 54MW-4, which are located in relatively close
proximity to the karst wells. Two of these wells, 74AMW-7 and 54MW-4, are located at a farther
distance from large fractures identified in the photolineament analysis. The absence of a karstic
response in the wells’ hydrographs suggests that the epikarst is localized around large
lineaments. Although Figures 4-4 and 4-8 show that wells 54MW-4 and B-3 are responsive to
the same precipitation events affecting the karst wells, the response in the recession curve is
much more stable and has a consistent decline more typical of a generic permeable sandstone
aquifer. This suggests that in this area. close to the surface trace of the thrust sheet, the bedrock
is more highly fractured and produces a more homogeneous porosity. [t is believed that the
epikarst is vertically and horizontally heterogeneous throughout the HSA, however, it must be
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noted that the vertical and horizontal extent of the epikarst in the HSA is partially defined due to
the limited stratigraphic information available.

It is possible for the epikarst to discharge water directly to the alluvium, the New River, or
through springs without water ever reaching the water table because this zone is much more
permeable than the underlying bedrock and changes in topography can create a situation where
groundwater will flow horizontally into the higher permeability unconsolidated aquifer rather
than downward into the less permeable but fractured bedrock. In many locations along the banks
and in the bed of the New River, springs can be found where highly fractured bedrock or
solution-enlarged bedding planes are exposed at the surface.

5.2.3 Conduit Flow

The third type of porosity and permeability associated with the HSA and karst aquifers is conduit
flow. A conduit is a “relatively large dissolutional void, including enlarged fissures and tubular
tunnels which can be restricted to voids that are water-filled but may include all voids greater
than 10mm in diameter” (USEPA, 2002). Other classifications place arbitrary limits of 100mm
to 10m on the size of a conduit depending on the scale of the aquifer. The orientation of conduits
in the vadose or unsaturated zone is normally controlled by dip whereas strike controls the
orientation in the phreatic (saturated) zone (Ralston, 2000). Dip is the angle that a stratum makes
with the horizontal and strike is the direction taken by a structural surface (bedding plane, or
fault plane) as it intersects the horizontal (Bates and Jackson, 1984). Generally, groundwater
travels vertically downward into the subsurface in the unsaturated zone but once in the phreatic
zone the primary direction of groundwater movement changes to the horizontal direction toward
the dominant fracture and conduit system (Ralston, 2000). The larger scale regional flow
direction is controlled by the larger conduits. These features are the “first to fill, first to drain”
and may drain or recharge fracture features discussed in Section 5.2.2 (Ralston, 2000). Small
fractures similar to the ones described in Section 5.2.2 feed the larger conduits and control
localized flow around major conduits. It is not uncommon for waters in karst settings to travel in
contradicting directions in parallel fracture sets. For example, on Figure 5-2 water is migrating
towards the largest conduit (Fracture B) and water in Fracture A, below the intersection with
Fracture C, is flowing in the opposite direction of Fracture B.

In the HSA, one of the lineaments identified in the photo analysis is evident in the groundwater
contour maps, however many more are not, due to limited well coverage or screen placements
which do not intersect conduits. Figure 5-3 shows the bedrock groundwater elevation contours
for September 2003 and lineaments identified by photo analysis. Note the proximity of the
identified lineament to the north-south trending inflection (A) in the groundwater contours. This
inflection highlights the effect that conduit flow can have on the local and regional groundwater
gradient. A similar east-west trending inflection (B) can be seen to the northeast of (A) in the
vicinity of monitoring wells MW-9, C2, WC2-A, WC1-B, and extending to Well-7. This is
thought to represent an extension of a lineament identified to the west, however, there is no
surface trace in this locale because development of waste pits and placement of fly ash has either
masked the surface expression or a flow barrier has been formed which is sub-parallel to a
fracture or fault in the area (Section 5.2.4).

5.2.4  Geologic and Hydrologic Boundaries

Geologic boundaries consist of bedrock units not conducive to karstification, i.e., bedrock units
with insufficient primary and/or secondary porosity (e.g., fissures or fractures) to allow for the
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Figure 5-2

Simplified Groundwater Flow in Fractured Aquifers
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formation of karst. Other geologic boundaries are faults that may act as barriers to groundwater
flow or redirect groundwater flow to other areas, possibly in a direction that is not consistent
with the regional groundwater flow. In this example, the Pulaski thrust fault, associated tectonic
breccia, and its various imbrications, or overlapping rock sections, may prevent groundwater
flow. While it is uncertain if the Pulaski Fault or other faults in the RFAAP area act as hydraulic
barriers, they are suspected barriers in most of the Horseshoe Area for the following reasons:

The positive dye trace to date (Engineering-Science, 1994) is in an area bounded by known or
suspected faults, creating a fault block. Lineaments in this block are oriented primarily sub-
parallel to the fault orientation.

Springs are found in clusters, closely associated with known or suspected faults. The complex
structural folding of the HSA bedrock units can create hydrologic barriers which influence
groundwater flow. If water encounters a hydraulic barrier, the migration direction is altered from
vertical to horizontal and springs commonly form where the barrier intersects the ground surface.
Anticlinal features generally act as geologic recharge areas, allowing water to infiltrate along
bedding planes and axial plane cleavage while synclinal structures consolidate groundwater flow.
An example of this is seen at Knarly Spring on the north side of the HSA where seeps have
formed in synclinal structures exposed along the riverbank.

Other geologic and/or hydrologic boundaries include the contact between unconsolidated
sediments and bedrock. Groundwater may flow more readily through permeable river alluvium
(river deposits) and residuum (unconsolidated sediments derived from weathered bedrock).
Water migrating downward through unconsolidated sediments will reach the top of the bedrock,
where the groundwater flow pathway is impeded by the less permeable bedrock. Groundwater
will migrate in the downgradient direction along the bedrock surface until a fissure or other
permeable pathway in the bedrock surface allows the groundwater to continue downward
migration into the bedrock. If fissures or conduits are not encountered, groundwater will migrate
to the New River through the unconsolidated sediments.

The New River is the dominant flow system, transmitting surface water and most of the
groundwater away from RFAAP, and perhaps recharging groundwater elsewhere. As the area
was uplifted, the New River cut down through the various bedrock units to its present level. The
river also cut across the bedrock strike, an indication that the river may have been entrenched
prior to mountain building. The age of the New River (Section 3.5 - Surface Water Hydrology)
suggests that karst development occurred as the river cut down to its present level, and the karst
features lead along pre-existing weaknesses toward the river, as described in Section 3.3.1 —
Karst. Groundwater elevations in wells installed in bedrock at the HSA support this theory,
since they are at a higher elevation than the New River. The relative change in elevation from the
USGS gauge at Radford, to the New River Bridge is approximately 30 ft and from the New
River Bridge to Water Intake #2 the relative change in elevation is approximately 10 ft. Based
on these relative changes in elevation and the measured distances between gauging stations, the
gradient was estimated to average 0.000625 ft/ft between the USGS gauge to the New River
Bridge and 0.000345 ft/ft between the New River Bridge and Water Intake #2. The change in
gradient around the HSA is typical for meanders in rivers and is the impetus behind meander
cutoffs. Huber (2000) noted that an area with a high density of sinkholes between the Route 11
bridge and the downstream end of the HSA is shown on the Selected Karst Features of the
Central Valley and Ridge Province, Virginia (Hubbard, 1988) map and would provide a route for
a meander cutoff if they are connected at depth.
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A conceptual geologic and hydrogeologic model is presented in Figure 5-4.
5.2.5 Potential Source and Sink Area Interpretation

Potential source areas for groundwater infiltration throughout the RFAAP area include karst
features such as sinkholes and topographically high areas. Sinkholes act as surface water
collection points and channel it to the subsurface groundwater system. Migration of groundwater
occurs in the tectonically formed fissures, fractures, and faults. Rivers and streams can also act
as sinks, conveying surface water into the underground drainage system through swallets and
estavelles.

Within RFAAP, and particularly within the HSA, sinkholes and photolineaments, which may be
associated with sinkhole development, are areas for groundwater recharge. The western half of
the HSA contains a number of sinkholes observed from the aerial photographs (circa 1937) and
topographic maps, most of which have been covered due to site development. The eastern half
of the HSA contains a number of photolineaments and few sinkholes. This eastern area is also
the topographically highest point in the HSA. The photolineaments in this area, as well as the
entire HSA, can be zones of high secondary porosity due to fissured and solutionally enhanced
carbonate rock increasing the opportunity for surface water to migrate very quickly into the
subsurface. The groundwater contour maps on Figures 4-1 and 4-2 and Appendix B give
approximations as to where water is entering the HSA. Recharge in the eastern HSA occurs
through karst features in the region of the topographic highs near SWMUSs 28, 51 and 30 and, to
a smaller extent, through porous infiltration at lower elevations. Recharge from precipitation
over the HSA averages approximately 2.4 million gallons per month.

The river may act as a source of aquifer recharge during times of decreased precipitation and low
water table levels by recharging the porous units along the margins of the HSA, which results in
a “losing section” of the river. During periods of increased precipitation and normal water
levels, the groundwater gradient is towards the New River and water is discharged through
springs and seeps. The two-way communication between the unconsolidated alluvial aquifer and
the New River allows water to migrate back-and-forth depending on the height of the river and
the overall water table.

Spring discharges in the HSA occur in small groups or clusters that are interpreted to be
associated with the complex tectonic setting of the site. One cluster of springs is found in an
area from the railroad bridge to Water Intake #1, located on the southwestern side of the MMA,
flowing from primarily the epikarst or deeper bedrock in this area. The location between the
railroad bridge and Water Intake #1 is bounded between two faults. The faults, associated
structures and potential fractures, are interpreted to channel groundwater in a westerly direction
towards the river. This hypothesis is confirmed to some degree by the positive dye trace
performed by Engineering-Science (1994). Three other spring clusters are located on the HSA
down slope from SWMU 31, down slope from SWMU 39, and at the downstream property line.
The cluster of springs downslope from SWMU 31 and the downstream property line spring
cluster are interpreted to be associated with thrust faulting and associated structural complexities.
Likewise, the spring cluster downslope from SWMU 39 is associated with structural
complexities. The strike and dip measurements in this area indicate a series of alternating
synclines and anticlines. Faulting was observed on the opposite side of the river, but was not
traceable to the HSA side of the river.
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[ 6.0 RECOMMENDATIONS AND FUTURE ACTIVITIES

Recommendations for future activities will be based on forthcoming consultations with
stakeholders at a meeting scheduled for late September, 2005.
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Appendix A
Photographs

A-1 (M-1) Rocks are dipping approximately 25° SW. Facing (looking) N toward HSA, across

from Water Treatment PIaNt NO. L. .....coiiiiieiece st s A-4
A-2 (A-12) E of HSA. Along RR tracks (locations A112 to A118). On left side of photo, rocks

are highly fractured, dipping near vertical. Rocks on left are dipping away, toward south. A

fault could be trending south in line and approximate location of RR tracks............ccccceiininiiinnnn. A4
A-3 (A-112-1) E of HSA. Looking west. Dashed lines show locations of faults, solid lines

illustrate bedding attitude. Note change of bedrock dip on left side of faults. Between

faults, and on right of faults, fault trends in E-W direction. ..o A-4
A-4 (A-59-3) Location A-59, calcite or aragonite flowstone-like appearance. Photo is looking N............ A-5
A-5 (A-59-5) Location A-59, close-up illustrating flowstone-like appearance. ..........ccocvevveveevierieiennsnnnens A-5

A-6 (A-65-6) Location A-65 looking north, HSA, downstream of large falls (Arsenal Falls) and
Water Treatment Plant No. Note solutional features; enlarged bedding planes near base and

CAVEITOUS TEALUIES. ....etieeieieie ettt e st sttt st e s et e bestesbesbeeneenee e enaeneesnenes A-5
A-7 (A-65-1) Location downstream from A-65, bedrock dipping toward SW. Note cavernous and
enlarged bedding Plane fRALUIES. .........coo i A-5

A-8 (A-104) Location A-104. Fault, dashed line showing approximate attitude of fault, solid line
illustrates bedding attitude on either side of fault. NoTe: Looking toward NE. Fault trend

IS aPPrOXIMALEIY NE=SWV. .. .ot bbbttt be b b e e A-6
A-9 (A-35-2) Location A-35, fault zone, photo looking N. Dashed line illustrates fault, solid lines

illustrate attitude of bedrock. Fault is trending approximately N=S...........cccccooiiviivniiiiiicncie e A-6
A=10 (M-23) Typical SOIl Profile (2)...cuciiiiec e et st srenre s A-6
A-11 (M-24) Photo looking S, location is W of Blacksburg, illustrating typical undulating

topography and SINKNOIES. ..........cviieieic et ae e nrenrs A-6

A-12 (P-4) Near Pepper, VA, along RR tracks. Extensively deformed bedrock. Solid line
illustrates the complex folding in this outcrop. Dashed line illustrates possible faults or

SHIPPAGE PIANES. ...t bbb bbbt bbbt A7
A-13 (P-15) Looking SSE, along RR tracks near Hwy. 114 bridge at Pepper, VA. Max Meadows
Breccia. Dashed line shows approximate location of Pulaski Fault. ... A7

A-14 (P-16) Location near Pepper, VA. Pulaski Fault. Dashed line illustrates approximate
location of fault. Note steeply dipping (vertical) beds to left of photograph as illustrated by

VEITICAL TINES. 1.ttt ettt b et b et s b et et s bt et s b et e be st e et b s et e e A-7
A-15 (P-17) Max Meadow Breccia near PEPPEL, VA .....cv oottt sttt sre s A7
A-16 (P-18) Along Hwy. 114 near Centerville, VA. Recumbent fold............ccccvivviviiiniiiciiice e A-8
A-17 (P-20) Along Hwy. 114 near Centerville, VA. Dipping beds, recumbent fold...........c..ccccceovvvrnnnne A-8

A-18 (P-42) Along RR tracks near Pepper Tunnel. Faults are illustrated by dashed line and
terminate at bedding plane illustrated by solid line. Photograph is looking SE. Larger fault

is shown on right half of photograph and bisects the bedding plane. ..........ccocooviriienenne e A-8
A-19 (P-44) Fault along RR track outcrop near Pepper Tunnel. Fault is large fault in photograph
OSSOSO A-8
A-20 (P-93) Looking NNW; outcrop illustrating moderate dipping bedrock near Pepper Tunnel.............. A-9
. A-21 (P-57) Folding and near vertical dipping DEAS. ........ccooiiiiiiiiiieeee e A-9
A-22 (U-38) Complex folding in area of locations A-90—AL100. ........c.cccevereiieiirieieeeseee e sre e A-9
A-23 (T-56) Location near A-72 HSA illustrates solutional openings in rock and fractures. Photo
[T (T S A-9
A-24 (T-49) HSA, near A-70, illustrating enlarged bedding planes. ..........ccccocvvivvivvivsvcieeccicccs e A-10
A-25 (T-22) Highly deformed bedrock showing calcite-filled fractures. Also, note complex
FOLAING. ettt bbb bbb bbbt bbbt b e e A-10
A-26 (T-12) Solution cavity. Stope direction is along fracture orientation. ............cccooevvvinennineniennn A-10
A-27 (T-3) Arsenal Falls. Large falls downstream from Water Intake NO. 1.........ccooiiiiiiniiinninenn, A-10
A-28 (T-2) Small falls upstream of Water Intake Structure No. 1. Note moderately dipping
DEdrock iN FOFEGIOUNG. ... bbb e A-11



Photo. A-29 (Q-9) Right limb of anticline along New River. Looking W. Location between Pepper

Tunnel and HWY. 114 DG, ..ot A-11
Photo. A-30 (Q-11) Solutional features along bedding plane. Also oriented along fractures. ..........cccoceeevenenne. A-11
Photo. A-31 (S-126-2) Upwelling spring (S-126). Water is emerging from between bedding planes................. A-11
Photo. A-32 (S-135) Bedding plane spring (S-135). Water flowing from between bedding plane and

AIONQG FrACTUIES. .. vttt st e et e besbeete s Reese e e et e besbeabesteenee e enseeeneens A-12
Photo. A-33 (S-136-1) Parson Spring (S-136). Water cascading down river bank spring emanating out

AlONQG SNAIIOW SWAIE. .....coveiiiiiic et re s te e e a e r e renre A-12
Photo. A-34 (S-151-1) Big Boulder SPring (S-151). ..ueiiuiieeiieieieie s se st nne s A-12
Photo. A-35 (V-28) Folded bedrock; solid lines illustrate bedding orientation. Dashed line illustrates

movement along bedding plane(s). Also fracturing across bedding..........cccocvvivvivvivnnnieeicienenenn, A-12
Photo. A-36 (V-12) Fault is center of photograph—yellowish color—fault gouge. Solid line illustrates

attitude of bedding. Note bedding near top of photograph is dipping less steeply as

compared t0 1OWEr DEATING. ......coueiiiiee bbb nne A-13
Photo. A-37 (V-11) Near vertical dipping DEAIOCK. ........ccviiiiiie e A-13
Photo. A-38 (V-9) Fault in center of photograph, illustrated by dashed line. Note change in bedrock dip

on either side of fault, as illustrated by solid line. Photograph is looking NE. Location is

NEAT A-Q0. ..t h R R R e e Rt R e R e e Rt Re e n e e e ne e nReenreene s A-13
Photo. A-39 (R-7) Fault in center of photograph, as illustrated by light colored rock. Location is near A-

ST oo 2T o N S SRSSRS A-13
Photo. A-40 (A-12) Fault is illustrated by dashed line. Arrows indicate movement. ........ccccceevevvvereveniesesennnns A-14
Photo. A-41 (R-15) Fault illustrated by dashed line. Apparent movement indicated by arrows............c.cccccvuenee. A-14
Photo. A-42 (A-20) Fault is indicated by dashed line and reddish-brown fault gouge. Slippage along

DEAGING. ettt b e et b e ekt b e et b e et b et eb e ere s A-14
Photo. A-43 Fault is illustrated by dashed line and yellowish-brown colored fault gouge..........c.ccccocreininennn A-14
Photo. A-44 (R-24) Fault zone indicated by yellowish-brown colored fault gouge. ........ccccooveiiiiiiinniieie, A-15
Photo. A-45 (R-28) Fractures in bedrock, bedding illustrated by solid line. ..., A-15
Photo. A-46 (R-33) Micro-folding. Compass pointing toward apex of recumbent fold, as illustrated by

0] [0 I8 10T USRS A-15
Photo. A-47 (R-34) Complex folding in bedrock, as illustrated by solid liNe............ccocvevveiieveiiiccec e, A-15
Photo. A—48 (R-47) Brecciated DEATOCK.........cocviiiiiiie et A-16
Photo. A-49 (P-16) Pulaski fault (dashed line). Near vertical dipping beds (solid line).........c.ccccvvvriviivvivivennnne. A-16
Photo. A-50 Pulaski Fault Zone and Max Meadow Breccia on right of photograph. Another fault in

VAHTEY ().t bbbttt b e A-16
Photo. A-51 Complex folding. Anticlines on left and right of photograph, syncline in middle, illustrated

DY SMAIT GUITY. ..o bbbt eb e A-17
Figure A-1 Location map for the photographs contained in this APPENdiX.........cccoereieierierienininieieeee e A-18

Note: The numbers in parentheses refer to the general location or type of feature photographed.

Prefix “A” indicates a geologic feature that can be found in Table 3-3.

Prefix “M” indicates a miscellaneous feature at or near RFAAP.

Prefix “P” indicates a photo taken along the railroad tracks between Pepper Tunnel and Rte 114.
Prefix “Q” indicates a photo taken along the New River between Pepper Tunnel and Rte 114.
Prefix “R” indicates a photo taken along the railroad tracks between geologic features Al and
A36.

Prefix “S” indicates a photo taken of a spring that can be found in Table 3-2.

Prefix “T” indicates a photo taken along the New River between SWMU 13 and Pepper Tunnel.
Prefix “U” indicates a photo taken along the railroad tracks between geologic features A37 and
AB2.

Prefix “V” indicates a photo taken along the railroad tracks between geologic features A81 and
Al22.
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Photo. A-2 (A-12) E of HSA. Along RR tracks (locations A112 to A118). On left side of Photo. A-3 (A-112-1) E of HSA. Looking west. Dashed lines show locations of faults, solid
photo, rocks are highly fractured, dipping near vertical. Rocks on left are dipping lines illustrate bedding attitude. Note change of bedrock dip on left side of
away, toward south. A fault could be trending south in line and approximate faults. Between faults, and on right of faults, fault trends in E-W direction.

location of RR tracks.
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Photo. A-4 (A-59-3) Location A-59, calcite or aragonite flowstone-like appearance. Photo is
looking N.

Photo. A-6 (A-65-6) Location A-65 looking north, HSA, downstream of large falls (Arsenal
Falls) and Water Treatment Plant No. Note solutional features; enlarged
bedding planes near base and cavernous features.

Photo. A-7 (A-65-1) Location downstream from A-65, bedrock dipp
cavernous and enlarged bedding plane features.

ing toward SW. Note
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Photo. A-8 (A-104)

fault, solid line illustrates bedding attitude on either side of fault. NoTe: Looking

e =

Location A-104. Fault, dashed line showing approximate attitude of

toward NE. Fault trend is approximately NE-SW.

Photo. A-10 (M-23) Typical soil profile (?).

Photo. A-9 (A-35-2) Location A-35, fault zone, photo looking N. Dashed line illustrates
fault, solid lines illustrate attitude of bedrock. Fault is trending approximately N—
S.

Photo. A-11 (M-24) Photo looking S, location is W of Blacksburg, illustrating typical
undulating topography and sinkholes.
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Photo. A-12 (P-4) Near Pepper, VA, along RR tracks. Extensively deformed bedrock.
Solid line illustrates the complex folding in this outcrop. Dashed line illustrates
possible faults or slippage planes.

Photo. A-14 (P-16) Location near Pepper, VA. Pulaski Fault. Dashed line illustrates
approximate location of fault. Note steeply dipping (vertical) beds to left of
photograph as illustrated by vertical lines.

Photo. A-13

.
(] s

Photo. A-15

(P-15)

Looking SSE, along RR tracks near Hwy. 114 bridge at Pepper, VA.

Max Meadows Breccia. Dashed line shows approximate location of Pulaski

Fault.

(P-17)

Max Meadow Breccia near Pepper, VA.
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Photo. A-16 (P-18) Along Hwy. 114 near Centerville, VA. Recumbent fold.

8-V

— SR

Photo. A-18 (P-42) Along RR tracks near Pepper Tunnel. Faults are illustrated by dashed
line and terminate at bedding plane illustrated by solid line. Photograph is
looking SE. Larger fault is shown on right half of photograph and bisects the
bedding plane.

Photo. A-19

(P-44) Fault along RR track out
photograph A-18.
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Photo. A-20 (P-93) Looking NNW; outcrop illustrating moderate dipping bedrock near
Pepper Tunnel.

Photo. A-22 (U-38) Complex folding in area of locations A-90-A100.

Photo. A-23 (T-56)

Location near A-72 HSA illustrates solutional openings in rock and

fractures. Photo looking N.
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Photo. A-26 (T-12)

Solution cavity. Stope direction is along fracture orientation.

Photo. A-25 (T-22) Highly deformed bedrock showing calcite-filled fractures. Also, note
complex folding.

Photo. A-27 (T-3)

Arsenal Falls. Large falls downstream from Water Intake No. 1.
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Photo. A-28 (T-2) Small falls upstream of Water Intake Structure No. 1. Note moderately
dipping bedrock in foreground.

Photo. A-30 (Q-11) Solutional features along bedding plane. Also oriented along fractures.

Photo. A-29 (Q-9) Right limb of anticline along New River. Looking W. Location between
Pepper Tunnel and Hwy. 114 bridge.

Photo. A-31 (S-126-2)
planes.

L * l
Upwelling spring (S-126

o A

). Water is emerging from between bedding



44

F.

Photo. A-32 (S-135) Bedding plane spring
plane and along fractures.

(S-135). Water flowing from between bedding

Photo. A-33 (S-136-1) Parson Spring (S-136). Water cascading down river bank spring
emanating out along shallow swale.

A
o - -amalae

Photo. A-35 (V-28) Folded bedrock; solid lines illustrate bedding orientation. Dashed line
illustrates movement along bedding plane(s). Also fracturing across bedding.
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Photo. A-36 (V-12) Fault is center of photograph—yellowish color-fault gouge. Solid line
illustrates attitude of bedding. Note bedding near top of photograph is dipping
less steeply as compared to lower bedding.

Photo. A-38 (B-9) Fault in center of photograph, illustrated by dashed line. Note change in
bedrock dip on either side of fault, as illustrated by solid line. Photograph is
looking NE. Location is near A-90.

Photo. A-39 (R-7) Fault in center of photograph, as illustrat
Location is near A-50, looking NE.
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Photo. A-42 (A-20) Fault is indicated by dashed li
Slippage along bedding.

ne and reddish-|

brown fault gouge.

Photo. A-41 (R-15) Fault illustrated by dashed line. Apparent movement indicated by
arrows.

Photo. A-43 Fault is illustrated by dashed line and yellowish-brown colored fault gouge.
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Photo. A-44 (R-24) Fault zone indicated by yellowish-brown colored fault gouge.

Photo. A-46 (R-33) Micro-folding. Compass pointing toward apex of recumbent fold, as
illustrated by solid line.

Photo. A-47 (
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Photo. A-48

(R-47)

4%
Brecciated bedrock.

e e 3
S L =

Photo. A-49 (P-16) Pulaski fault (dashed line). Near vertical dipping beds (solid line).

Fault? Syncline? Anticline Steeply dipping beds Pulaski Fault Zone

Photo. A-50 Pulaski Fault Zone and Max Meadow Breccia on right of photograph. Another fault in valley(?).
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Symmetric (?)
Anticlinal fold

Asymmetric Asymmetric
Synclinal fold Anticlinal fold

Photo. A-51 Complex folding. Anticlines on left and right of photograph, syncline in middle, illustrated by small gully.
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