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Processes Affecting Phosphorus and Copper Concentrations
and Their Relation to Algal Growth in Two Supply Reservoirs
in the Lower Coastal Plain of Virginia, 2002-2003, and
Implications for Alternative Management Strategies

By Gary K. Speiran, Nancy S. Simon, and Maria L. Mood-Brown

Abstract

Elevated phosphorus concentrations commonly promote
excessive growth of algae in waters nationwide. When such
waters are used for public supply, the algae can plug filters
during treatment and impart tastes and odors to the finished
water. This increases treatment costs and results in finished
water that may not be of the quality desired for public supply.
Consequently, copper sulfate is routinely applied to many
reservoirs to control algal growth but only is a “temporary fix”
and must be reapplied at intervals that can range from more
than 30 days in the winter to less than 7 days in the summer.
Because copper has a maximum allowable concentration in
public drinking water and can be toxic to aquatic life, water
suppliers commonly seek to develop alternative, long-term
strategies for managing reservoirs. Because these are nation-
wide issues and part of the mission of the U.S. Geological
Survey (USGS) is to define and protect the quality of the
Nation’s water resources and better understand the physical,
chemical, and biological processes in wetlands, lakes,
reservoirs, and estuaries, investigations into these issues are
important to the fulfillment of the mission of the USGS.

The City of Newport News, Virginia, provides 50 million
gallons per day of treated water for public supply from Lee
Hall and Harwoods Mill Reservoirs (terminal reservoirs)
to communities on the lower York-James Peninsula. About
3,500 pounds of copper sulfate are applied to each reservoir at
3- to 99-day intervals to control algal growth. Consequently,
the USGS, in cooperation with the City of Newport News,
investigated the effects of management practices and natural
processes on phosphorus (the apparent growth-limiting nutri-
ent), copper, and algal concentrations in the terminal reservoirs
to provide information that can be used to develop alternative
management strategies for the terminal reservoirs.

Initial parts of the research evaluated circulation and
stratification in the reservoirs because these factors affect

phosphorus availability to algae. Results indicate that

(1) water flows through both reservoirs in a “plug-flow”
manner; (2) little water in the lower part of Lee Hall Reservoir,
into which pumped water enters, flows into the upper part of
the reservoir and mixes with that water; (3) Lee Hall Reservoir
generally does not stratify; and (4) Harwoods Mill Reservoir
stratifies from April to June through September or October
into an upper epilimnion that does not mix with water in the
lower hypolimnion.

The ratio of dissolved nitrogen to phosphorus concentra-
tions (N:P) for sites in both reservoirs generally was greater
than 20:1, indicating that phosphorus likely is the growth-
limiting nutrient in both reservoirs. Phosphorus was present
predominantly as suspended, rather than dissolved, species
except in the hypolimnion of Harwoods Mill Reservoir and the
natural inflow represented by Baptist Run. Because Harwoods
Mill Reservoir stratified, field-measured physical and chemical
characteristics and concentrations of nitrogen and phosphorus
species changed sharply over short depth intervals in this
reservoir. Dissolved phosphorus concentration increased from
0.015 to 0.057 milligrams per liter between a depth of 15 feet
(ft) and the bottom (depth of 18 ft), indicating the release of
phosphorus by the decomposition of organic material and(or)
the reduction of iron oxides in bed sediment and the lower
water column. Because the mixing boundary between the
epilimnion and the hypolimnion likely was between depths
of 6 and 10 ft, such sources in the hypolimnion would not
contribute phosphorus to the growth of algae in the epilimnion
from which water is withdrawn for supply until the breakdown
of stratification in the fall. Furthermore, laboratory studies
of samples from both reservoirs indicated that dissolved
phosphorus was released from suspended particles at rates of
0.0007 to 0.0019 milligrams per liter per day. At these rates
of release, particles could produce the maximum dissolved
phosphorus concentrations measured in the water column
within 30 days. Because the Harwoods Mill Reservoir was
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stratified for 60 to 90 days by the sampling date, more than
enough time had passed to produce the elevated concentrations
observed in the hypolimnion of the reservoir. This indicates
that the release of phosphorus from suspended particles likely
is a major source of elevated dissolved phosphorus in Lee Hall
Reservoir and the hypolimnion of Harwoods Mill Reservoir.

The presence of an upward increasing gradient in phos-
phorus concentrations in interstitial water in the bed sediment
of Lee Hall Reservoir further indicates that the bed sediment is
not a major source of phosphorus to algae in the water column.
Because of a strong relation between dithionite-extracted
phosphorus and iron in the bed sediment, a large part of the
phosphorus appears to be bound to poorly crystallized iron
oxides in the bed sediment. The ratios of dissolved phosphorus
to dissolved iron in samples collected from the bottom of the
water column in Harwoods Mill Reservoir, however, were 20
to 290 times the ratio of dithionite-extracted concentrations in
the bed sediment, strongly indicating that a source other than
bed sediment is the major source of phosphorus to the water
column.

Part of the need for frequent application of copper
sulfate to both reservoirs appears to be the binding of copper
to particles (possibly algae and other organic material) and
settling of the particles to the bottom as bed sediment. This
is substantiated by the presence of more than 50 percent of
the total copper in the suspended form in most water-column
samples and greater concentrations of copper at depth in both
reservoirs even though copper sulfate is applied at the surface
in a dissolved form. Settling is further substantiated by the
copper concentrations in the bed sediment that ranged from
0.56 to 6.7 milligrams per gram in Lee Hall Reservoir and
1.3 to 7.5 milligrams per gram in Harwoods Mill Reservoir.
Furthermore, once copper is in the bed sediment, little copper
is released as indicated by copper in interstitial water of
box-core samples from Lee Hall reservoir remaining less than
detectable concentrations.

Concentrations of sulfate in the water column of both
reservoirs ranged from 2.5 to 13.8 milligrams per liter. Such
low concentration could account for phosphorus not being
released from the iron oxides even when dissolved-oxygen
concentrations are low in the sediment and overlying water.

In the literature, such sulfate concentrations have been shown
to limit phosphorus release from bed sediment although the
mechanism has not been identified.

Because of the short hydraulic retention times of the
reservoirs, the release of dissolved phosphorus from suspended
particles, and the limited release of phosphorus from bed
sediment, the natural and pumped inflows ultimately appear
to be the main sources of phosphorus to algae in the terminal
reservoirs. Consequently, practices that control phosphorus
concentrations in the inflows, not practices such as the
application of alum or nitrate that sequester phosphorus in the
bed sediment, likely will control algal growth in the terminal
reservoirs most successfully. Additionally, the binding of
copper in the bed sediment appears to limit exposure of copper
to parts of the environment other than those exposed directly

to the bed sediments. Although pumping water from outside
watersheds directly to the water-treatment plants or through
other reservoirs in the Newport News water-supply system,
such as Little Creek Reservoir, would reduce phosphorus loads
to the terminal reservoirs, these practices cannot be used to
reduce phosphorus loads from the natural inflows. Phosphorus
in natural inflows likely needs to be controlled near areas
where the water flows into the reservoirs because much of the
phosphorus likely is derived naturally from nonpoint sources
within the largely forested watersheds.

Introduction

Because phosphorus typically is the growth-limiting
nutrient in freshwater systems, elevated phosphorus concentra-
tions promote excessive algal growth, thereby degrading the
water quality in water-supply reservoirs and other water bodies
nationwide. Algae in water withdrawn for public supply plug
filters during treatment and can impart tastes and odors to the
finished water, thereby increasing treatment costs and result-
ing in finished water that may not be of the desired quality.
Consequently, copper sulfate is routinely applied to reservoirs
to control algal growth. Copper sulfate, however, only is a
“temporary fix” and must be reapplied.

Treatment of water with copper sulfate can have other
undesirable effects. Copper has a maximum allowable
concentration in public drinking-water supplies and can be
toxic to aquatic life. Accordingly, the action level for copper
is 1.3 milligrams per liter (mg/L) in drinking-water supplies in
Virginia (Commonwealth of Virginia, 2005). When consider-
ing aquatic life, only dissolved copper is bioavailable copper
and is considered toxic to aquatic life. The dissolved copper
concentration toxic to aquatic life depends on the hardness of
the water. Based on hardness concentrations in reservoirs in
the lower Coastal Plain Physiographic Province of Virginia,
the dissolved copper concentration causing acute toxicity to
aquatic life is about 8 micrograms per liter (ug/L); the concen-
tration causing chronic toxicity is about 6 pg/L. Consequently,
alternative reservoir-management strategies might be needed
to reduce or eliminate copper-sulfate use where these concen-
trations are exceeded.

The City of Newport News provides treated water
for public supply to communities of the lower York-James
Peninsula, Virginia, from a combination of surface- and
ground-water sources. An average 50 million gallons per day
(Mgal/d) of raw water is withdrawn collectively from Lee Hall
and Harwoods Mill Reservoirs (fig. 1) and treated for public
supply in water-treatment plants located at the lower end of
each reservoir. The water is derived from natural inflows from
the reservoir watersheds and pumpage into the reservoirs from
the surface-water sources outside of their watersheds. These
two reservoirs commonly are referred to as terminal reservoirs
because they are the last in a sequence of supply reservoirs
through which water flows before treatment.



3

Introduction

€8 QYN L1 9U0Z 1018I3|\ 3SIBASUBI] [ESIBAIUM O} PALIpOW

SHILIINOTIM 0T Gl ol § 0 €8 QVN M.00 96 UeIpLIaw [euad ‘N0 G Pue N,0€ 6¢ s|ajlesed
T T 1 L L1 | paepuels uonaaloid a1u0) ealy-|enb3 siaq)y ydesd sui [enbiq
SN 02 Gl ol S 0 000'000°2:1 ‘2261 "e1uBuip “Aaning |edlbojoag g’ wouj aseq
I I I
.
— \
A by
° <
i &\% Y g
- /ﬁm\ .&s&m\b &
/o&«\ A104.1982Y ;@o@\%
% 1IPH 277
wed /n\./. \ weq
pe ﬂﬂ peg
monasay” o 0 T
% N
' SPOQIVH & Z/ A241Y] sauvf
Daadl mv 1044252y Yo24)) SIS
AVE \\\%
AXVAdVSAHD séuepUNOg «wx«x%
paysiaIE - Yoy wepyeaiyomn
% (7
%2 Q\ﬂ /'
=2 7, wep s 19 [eA\
(%)
7 /
\ 7] __— A1044252y Kunuoyvyony)
1004252y
yoau1D) apur]
104128y ¥22.47) PUNISDIC] I
VINIZHIA 39014318 S A2A1Y] SUD[
7 Ly :
vayy sl 2 i &2
A0S g 5 5 & 4 ow\ewc
ERSS o 2y
; N 2
£ ’ - g
s N Vdd % =
) Qw)O NVIHIVIVddY \\&\\N\ ml
&S oow @
2 &t&x
%,
)
| | i |
08,92 olL 08.LL

ol€

0€.LE

Locations of the study area, Lee Hall and Harwoods Mill Reservoirs, and other features in the

Coastal Plain Physiographic Province of Virginia.

Figure 1.
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Results of monthly water-quality monitoring of the termi-
nal reservoirs by city officials indicate that phosphorus likely
is the growth-limiting nutrient for algae in these reservoirs
(Ronald Harris, City of Newport News, written commun.,
2003). Primary sources of phosphorus to the reservoirs likely
include runoff from the watersheds and water pumped from
the outside watersheds. Because of excessive algal growth,
copper sulfate is applied at intervals that can range from more
than 30 days in the winter to less than 7 days in the summer.
Even with the application of copper sulfate to the reservoirs,
chlorophyll concentrations typically are greater than would
be expected for the total phosphorus concentrations observed
in the water (U.S. Environmental Protection Agency, 2000).
Consequently, internal cycling of phosphorus from the water
column and bed sediment may be additional sources of
dissolved phosphorus for promoting algal growth.

To develop a long-term strategy for managing algae in
Lee Hall and Harwoods Mill Reservoirs, a better understand-
ing of factors affecting phosphorus sources and reservoir
processes is needed. Critical needs include information on
(1) the relative contribution of different phosphorus sources,
(2) the accumulation and release of phosphorus in bed
sediment, (3) release of phosphorus from particles in the water
column, and (4) the fate of copper in the reservoirs. Providing
the information to assist in developing such a strategy fits
the mission of the U.S. Geological Survey (USGS) because
algal growth and the use of copper sulfate to control this
growth in water-supply reservoirs is widespread across the
Nation. Thus, information to help manage reservoir systems
can be valuable in helping other water suppliers manage their
reservoir systems and provide a better quality supply to their
customers. A study that provides such information is a part of
the USGS priority issues of defining and protecting the quality
of the Nation’s water resources and better understanding the
physical, chemical, and biological processes in wetlands,
lakes, reservoirs, and estuaries. To obtain the needed informa-
tion, the USGS in cooperation with the City of Newport News
conducted an investigation of processes affecting phosphorus
and copper concentrations in water and bed sediment in rela-
tion to algal growth in the terminal reservoirs from April 2002
through December 2003.

Purpose and Scope

The purpose of this report is to describe the effects of
processes affecting phosphorus and copper concentrations
in water and bed sediment in relation to algal growth in Lee
Hall and Harwoods Mill Reservoirs. The report also discusses
the implications of these effects on alternative strategies for
managing phosphorus, copper, and algae in the reservoirs.

This report is based on results from routine water-quality
monitoring conducted by City of Newport News officials from
January 2000 through December 2003 and data collected by
the USGS from April 2002 through December 2003. City
officials collect and analyze water samples once a month

from selected sites in the two reservoirs and weekly from the
raw water withdrawn for public supply. Data collected by
the USGS are from periodic sampling at selected sites in the
reservoirs during the summer of 2002 and target sampling
during investigations of specific natural processes and
management practices. Although both Lee Hall and Harwoods
Mill Reservoirs were included in this investigation, greater
emphasis was given in the field investigation to Lee Hall
Reservoir because about 50 percent more water is withdrawn
from Lee Hall Reservoir than from Harwoods Mill Reservoir
under normal operating conditions.

Literature Review

The general water quality or trophic condition of lakes
and reservoirs often is linked to phosphorus concentrations
because phosphorus typically limits the growth of algae in
freshwater systems (Wetzel, 1975). Lakes and reservoirs
generally are grouped into discrete trophic classes ranging
from oligotrophic (limited algal growth from low phosphorus
concentrations) to eutrophic (abundant algal growth from
elevated phosphorus concentrations). Mesotrophic is the
classification for lakes and reservoirs between oligotrophic
and eutrophic. The wide range in size and other characteristics
of lakes and reservoirs can make generalizations of relations
among phosphorus concentrations, algal growth, and trophic
condition difficult. Janus and Vollenweider (1984) concluded
that with the same phosphorus input, phosphorus concentra-
tions in lakes and reservoirs increase as the residence time
decreases. Janus and Vollenweider (1984) also concluded that
uptake of phosphorus by sediment was a major control on
phosphorus concentrations in oligotrophic lakes but had little
effect in eutrophic lakes.

Because traditional trophic classifications are discrete
designations of a continuum and such designations can
be biased, Carlson (1977) developed a trophic state index
(TSI) to numerically classify lakes based on measured lake
quality. Measurements used to calculate a TSI can include
total phosphorus (TP) concentrations, Secchi depth (SD), and
chlorophyll-a (chl) concentrations. The numeric index ranges
from zero for the least eutrophic lake (better than any mea-
sured) to about 100 or 110 (a practical limit). A change in a
particular index value of 10 represents a change in the respec-
tive measured value by a factor of 2. Although index values
generally are similar for all types of measurements, biological
index values, such as for Secchi depth and chlorophyll-a
concentration, will diverge from values for total phosphorus
during cold-weather months because temperature and sunlight,
not phosphorus concentration, limit algal growth.

The Commonwealth of Virginia currently (2006) is
developing nutrient criteria for lakes and reservoirs throughout
Virginia based on the effects of nutrient concentrations on
aquatic life (Virginia Department of Environmental Quality,
2006). Because reservoirs in Virginia generally are phosphorus
limited, criteria are being considered for chlorophyll @ and



total phosphorus for the type of reservoir and the ecoregion in
which the reservoir is located. The criteria for Lee Hall and
Harwoods Mill Reservoirs are based on warm-water reservoirs
in ecoregion 14. These criteria are for median concentrations
of 25 ug/L for chlorophyll a and 0.040 mg/L for total phos-
phorus from April through October. Another criterion being
considered for chlorophyll a is the 90" percentile, or 60 pg/L.
Although chlorophyll a is the preferred criterion because it
represents the biological response of the water body, total
phosphorus is thought to be a better criterion for reservoirs to
which an algicide, such as copper sulfate, has been applied
because biological response is altered by the algicide.

Internal phosphorus cycling from bed sediment has been
identified as an important source of phosphorus in many lakes
and reservoirs and has been the subject of extensive research
(Stefan and Hanson, 1981; Jacoby and others, 1982; Andersen
and Jensen, 1992; Welch and Cooke, 1995; Pettersson,

1998). Research commonly focuses on thermally stratified
lakes and reservoirs in which hypolimnetic dissolved-oxygen
concentrations become depleted and phosphorus concentra-
tions increase, but some researchers also have studied shallow
eutrophic lakes (Welch and Cooke, 1995; Golosov and
Ignatieva, 1999). Mass-balance calculations commonly are
used to determine the phosphorus cycling from bed sediment;
bed-sediment contributions typically are not measured but are
calculated as the difference between other phosphorus sources
and sinks. In stratified lakes, the phosphorus contribution from
bed sediment also has been calculated from the increase in
phosphorus concentrations in the hypolimnion. In a study by
Graber and Hartman (1985), bed sediment was calculated to
have contributed 70 to 80 percent of the phosphorus to several
lakes when the lakes were stratified and algal blooms were
most prevalent.

Water-column conditions have been identified as being
more important to the flux of phosphorus from bed sediment
than are the gradients in phosphorus concentrations in
bed-sediment interstitial water (Moore and others, 1998).
Sufficiently oxidizing (aerobic) conditions, when dissolved-
oxygen concentrations generally are greater than 2 mg/L,
maintain iron in its most oxidized state (ferric iron) at the
sediment surface forming poorly crystallized iron oxides (iron
oxyhydroxides) that strongly bind phosphate in water. When
conditions in the water column become sufficiently reducing
or anaerobic (dissolved-oxygen concentrations near 0 mg/L),
ferric iron in iron oxides is bacterially reduced to form more
soluble ferrous iron and releases phosphate bound to this solid
phase. Ferrous compounds are orders of magnitude more
soluble than ferric compounds.

Sulfate concentrations in the water column also appear to
affect the release of phosphate from bed sediment; the nature
of the relation depends on the dissolved-oxygen concentration
in the water column (Caraco and others, 1989). In freshwater
systems, the phosphorus released is less than 1 millimole
per mole of carbon at sulfate concentrations less than about
5.8 mg/L under anaerobic conditions. When the water is
aerobic, the low rate of phosphorus release continues under
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sulfate concentrations of about 9.6 to 28.8 mg/L. Although the
mechanism that limits phosphorus release was not definitely
identified, a likely process is that sulfide from the sulfate
reduction forms ferrous sulfide and enhances phosphorus
release. Thus, at sulfate concentrations above these thresholds,
sulfate more readily reduces and binds ferrous iron and
releases more phosphorus.

Particles (largely dead, decomposing algae) suspended
in the water column also can be a source of phosphorus. More
than 90 percent of the phosphorus in the water column in
lakes and reservoirs typically is bound in living cells, in dead
or particulate organic material, or is sorbed to inorganic and
organic particles (Wetzel, 1975). Pettersson (1998) observed
that the total phosphorus concentration in the water column at
fixed sites decreased as the sediment settled and was deposited
as bed sediment. Based on these findings, an unknown part
of the increased dissolved phosphorus concentration in the
hypolimnion that has been attributed to bed-sediment release
can be derived from the release from settling and resuspended
particles. One natural source of phosphorus is cycling that
results from the sequential growth and decline in populations
of particular species of algae. Typically, the predominant algal
species in lakes and reservoirs change throughout the growing
season (Wetzel, 1975). The effects of copper sulfate on algae
can accelerate the growth and decline in algal populations,
thus providing an appreciable source of dead algae in the
water column. Resuspension of bed sediment also can be a
source of phosphorus to the water column (Reddy and others,
1996; Hansen and others, 1997; Hupfer and others, 2000;
Koski-Vihila and others, 2000). Thus, a combination of set-
tling water-column particles, resuspended bed sediment, and
bed sediment can contribute to internal phosphorus cycling.

Several methods are used to reduce the recycling of
phosphorus from bed sediment of lakes and reservoirs. These
include dredging to remove the phosphorus-rich sediment
(Peterson, 1982; Van der Does and others, 1992; Kleeberg
and Kohl, 1999), application of alum to form a barrier to the
release of phosphorus from the sediment (Cooke and Kennedy,
1978; Welch and others, 1982; Welch and others, 1986; Young
and others, 1988; DeGasperi and others, 1993; Holz and
Hoagland, 1999; Panuska and Robertson, 1999; Welch and
Cooke, 1999; James and others, 2000), hypolimnetic aeration
(Lean and others, 1986; Gichter and Wehrli, 1998), and
application of calcium nitrate to limit the reduction of ferric
iron to ferrous iron (Foy, 1986; DeGasperi and others, 1993;
Sgndergaard and others, 2000). Each method has succeeded in
varying degrees and typically produces benefits lasting only
several years.

Description of Study Area

The study area is on the lower York-James Peninsula in
the lower part of the Coastal Plain Physiographic Province of
Virginia (fig. 1). The peninsula is bounded by the York River
to the north, the James River to the south, and Chesapeake
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Bay to the east. The Coastal Plain consists of layers of
unconsolidated gravel, sand, silt, clay, and shell material
having a total thickness greater than 1,500 feet (ft) in the study
area and forming local and regional aquifer systems (Meng
and Harsh, 1988). The shallow, local aquifers typically are
interconnected hydrologically with the wetlands, streams,
lakes, and reservoirs.

Physiographic and Geologic Characteristics

Land-surface altitudes in the watersheds range from the
reservoir levels (about 20 ft) to about 85 ft in the Lee Hall
Reservoir watershed and about 55 ft in the Harwoods Mill
Reservoir watershed. Land surface is characterized as level
to gently sloping terraces at progressively higher altitudes
separated by scarps (Johnson, 1972; Johnson and others,
1993). Stream valleys steeply incise these terraces. The
terraces substantially affect the hydrology of the watersheds
because of their generally low relief and direct relation to the
near-surface formations that form the shallow aquifer system.
Both reservoirs and surrounding parts of the drainages lie on
the Huntington Flat that generally has a maximum altitude
of 30 to 45 ft. It is separated from lower terraces by the Big
Bethel Scarp. The foot of the scarp is about 15 ft. The remain-
der of the watershed lies on Grafton Plain (48 to 60 ft), Grove
Plain (70 to 75 ft), and Lackey Plain (80 to 90 ft). Seasonal
sinkhole ponds known as Grafton Ponds are on the Grafton
Plain.

Different formations that form the shallow aquifer system
directly underlie these terraces and likewise are all underlain
by the Yorktown Formation. The shallow aquifer system
discharges ground water directly to the terminal reservoirs
and to the streams in their watersheds. The lithology, inferred
depositional environments, and extents of the shallow forma-
tions in the vicinity of these reservoirs and their watersheds
are described in detail in previous investigations by Johnson
(1972), Brockman and Richardson (1992), Brockman and
others (1997), and Speiran and Hughes (2001). Three forma-
tions are described here because of the direct
effects of the formations on the hydrology
and water quality of the reservoirs.

Table 1.

marine-regressive period in a progressively shallowing sea. In
the upper part of the Moore House Member, much of the shell
has weathered from the sediment, leaving fine-grained sand,
silt, and clay. Based on the altitudes, sediments of the Shirley
Formation and Holocene deposits directly underlie parts of the
Lee Hall and Harwoods Mill Reservoirs.

Land Use

As forested land use in a watershed decreases and
agricultural and urban uses increase, the loads of nitrogen and
phosphorus to surface waters increase (Winter and others,
1998). Although the lower York-James Peninsula is urbanizing
rapidly, the reservoir watersheds are largely forested (table 1;
fig. 2; U.S. Geological Survey, 1999). Forests cover approxi-
mately 7,752 acres (75 percent) of the 10,336-acre Lee Hall
Reservoir watershed. This large percentage of forested area
includes two parks: one owned and maintained by the City
of Newport News to protect the water supply and the other,
the Yorktown Battlefield Unit of Colonial National Historical
Park, maintained by the National Park Service. Approximately
992 acres (9.6 percent) scattered across the watershed are
classified as developed/urban land use. Remaining land use
includes 524 acres (5.1 percent) of agriculture (pasture and
row crops), 399 acres (3.9 percent) of wetlands, 338 acres
(3.3 percent) of open water, and 331 acres (3.2 percent) of
urban/recreational grass and barren land.

Approximately 3,909 acres (67 percent) of the 5,838-
acre Harwoods Mill Reservoir watershed is forested (fig. 2;
table 1). This large area remains forested largely because the
City of Newport News owns much of the watershed to help
protect the water supply. The Virginia Division of Natural
Heritage manages 394 acres to protect ecologically important
seasonal sinkhole ponds, locally known as Grafton Ponds
(Clark, 1998). Approximately 506 acres (8.7 percent) are
developed/urban use. These developed areas are located
primarily along the U.S. Highway 17 corridor and form the
eastern boundary and northern end of the watershed. Another

Land use in the watersheds of Lee Hall and Harwoods Mill Reservoirs,
Virginia, in 1992 (U.S. Geological Survey, 1999).

Holocene alluvial and marsh deposits

Lee Hall Harwoods Mill

are present at land surface primarily in the Reservoir Reservoir
river valleys and beneath the reservoirs, and Use

. . . Percent of Percent of
consist of clay, silt, and sand. Deposition Acres watershed Acres watershed
continues in stream channels, flood plains, -
and reservoirs. The Shirley Formation is at Agriculture 24 31 494 8.5
land surface or underlies Holocene deposits Barren 143 14 218 3.7
beneath the Huntington Flat. The Shirley Developed/urban 992 9.6 506 8.7
Formation conslsts .of grav.el, sand, silt, glay, Forest 7752 750 3.909 67.0
and peat deposited in riverine and estuarine
environments. The Moore House Member Open water 338 33 292 3.0
of the Yorktown Formation immediately Urban/recreational grass 188 1.8 169 2.9
underlies the surface formations in the study Wetlands 399 3.9 250 43
area and consists of fine-grained sand, shell Total 10,336 100.1 5.838 100.1

hash, and bioclastic sand deposited during a




76°36' 76°34' 76°32' 76°30° 76°28'

37°14

o9t | Skiffes
812 Creek
Reservoir

37°10°

37°8'

| / I

Introduction

76°26'

Base from U.S. Geological Survey Williamsburg East, VA, 1994, 1:100,000
Digital line graph, and Williamsburg West , VA, 1994, 1:100,000

=N

o T o

T T
1 2 3 KILOMETERS

Digital line graph Albers Equal-Area Conic projection standard parallels
29 30'N and 45 30'N, central meridian 96 00'W
modified to Universal Transverse Mercator Zone 18 NAD 83

EXPLANATION
LAND USE

B Urban Z1 COLONIAL NATIONAL HISTORICAL PARK
Transitional — .- WATERSHED BOUNDARY

|

B0 Deciduous forest BR1

0 E ®  \WATER-SAMPLE COLLECTION SITE
vergreen forest

Mixed forest

Pasture/hay

Row crops
[ Urban/recreational grasses
[0 Wetlands
[0 Openwater

3 MILES
]

Figure 2. Land use and other features of the Lee Hall and Harwoods Mill Reservoir watersheds, Virginia.

7



8 Processes Affecting Phosphorus and Copper in Two Supply Reservoirs, Lower Coastal Plain, Virginia, 2002-2003

major development is an international airport near the western
edge of the lower part of the reservoir. Remaining land use
includes 494 acres (8.5 percent) of agriculture, 250 acres

(4.3 percent) of wetlands, 292 acres (5.0 percent) of open
water, and 387 acres (6.6 percent) of urban/recreational grass
and barren land.

Reservoir Characteristics

Characteristics of Lee Hall and Harwoods Mill Reser-
voirs and their watersheds affect hydrology and phosphorus

sources and cycling in the —

of the reservoir. A railroad also crosses the reservoir over

a causeway about halfway between [-64 and the dam. This
crossing restricts flow more than the [-64 crossing because
flow through a culvert under the causeway is controlled by
sluice gates. Water is withdrawn from the reservoir through an
intake at the water-treatment plant. The intake is downstream
from the dam where runoff from Jones Run is diverted around
the reservoir. A constriction on the Jones Run arm formed

by another causeway likely is from an old road crossing and
limits the circulation of water between the main part of the
reservoir and the water-treatment plant.

76°32'

reservoirs. A 2,400-ft long
dam constructed on the
Warwick River in 1893
forms Lee Hall Reservoir
(fig. 3). Beaverdam Creek
is the main tributary that
flows into the reservoir
(fig. 2); the Warwick
River is the tidal stream

below the dam spillway LH(CR)2
that drains the watershed 2 °
(fig. 3). The Warwick LH(CR1
River is a tributary to the
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An 800-ft long dam that was constructed on the Poquoson
River in 1919 forms Harwoods Mill Reservoir; the Poquoson
River is free flowing above the reservoir and tidal below it
(fig. 4). No named tributaries flow into the reservoir. Water
pumped from outside watersheds enters the western side of
the reservoir through an unnamed tributary located more than
three quarters of the distance up the reservoir from the dam.
State Road 620 crosses the reservoir over a causeway through
which a pipe connects the two parts of the reservoir upstream
from the midpoint of the reservoir. This pipe is near the
western end of the causeway and cannot readily be seen, even
from a boat. Because of the small size of the pipe, circulation
between the two parts of the reservoirs likely is limited. Water

76°30'
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is withdrawn from the reservoir through an intake at the
water-treatment plant located at the lower end of the reservoir.
Other physical characteristics of Lee Hall and Harwoods
Mill Reservoirs are similar in many respects but are different
in others. Full-pool altitude of Lee Hall Reservoir is 17.5 ft
below the sluice gates and 20.3 ft above the sluice gates
(table 2). Full-pool altitude of Harwoods Mill Reservoir
is 20 ft. The reservoirs are shallow; depths are as great as
15.6 and 22.0 ft but average 5.5 and 9.8 ft in Lee Hall and
Harwoods Mill Reservoirs, respectively. Lee Hall Reservoir
covers 493 acres; the part above the I-64 crossing covers
approximately 336 acres, and the part below the crossing cov-
ers approximately 157 acres. Harwoods Mill Reservoir covers
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Table 2. Physical characteristics of Lee Hall and Harwoods Mill Reservoirs, Virginia (Ronald Harris, City of Newport News, written

commun., 2002, unless noted).

. i Reservoir
Physical characteristic -
Lee Hall Harwoods Mill
Construction completion, year 1893 1919
Drainage area, square miles 14.1 8.0
Full pool elevation, feet above North American Vertical Datum of 1988 20.3/17.5% 20
Maximum depth, feet 15.6 22
Average depth, feet 5.5 9.8
Surface area, acres 493 265
Reservoir volume, million gallons 876 846
Average natural inflow, assuming 15.2 inches of runoff, million gallons per day (Richardson, 10.3 5.8
1994)
Long-term average inflow of ground-water discharge from the watershed, assuming 5.3 3.0
7.9 inches of ground-water discharge, million gallons per day (Richardson, 1994)
Long-term average direct ground-water discharge to the reservoir, million gallons per day 1.3 1.9
(Calculated)
Average water-treatment plant pumpage, million gallons per day 30 20
Average volume pumped, 2000-2003, million gallons per day 24.8 24.6
Peak volume pumped, 2000-2003, million gallons per day 42 55.5
Hydraulic retention time based on average natural inflow only, days (Calculated) 85 146
Hydraulic retention time based on average withdrawals, days (Calculated) 29/15° 42
Hydraulic retention time based on average daily withdrawals for 2000-2003, days 35/18° 34
(Calculated)
Hydraulic retention time based on peak daily withdrawals for 2000-2003, days (Calculated) 21/11° 15

“Upper reservoir/lower reservoir.

b . .
‘Whole reservoir/lower reservoir only.

approximately 265 acres. The reservoir drainage areas are 14.1
and 8.0 mi?, respectively. The volumes of the reservoirs are
similar—876 million gallons (Mgal) for Lee Hall Reservoir
and 846 Mgal for Harwoods Mill Reservoir. About half of the
volume (440 Mgal) of Lee Hall Reservoir is above [-64.

Hydrology

Flow into the reservoirs consists of natural inflows from
their watersheds and water pumped from outside watersheds.
Water pumped from outside watersheds provides the water
needed for supply not provided by natural inflows. The outside
watersheds include the Chickahominy River (Chickahominy
Reservoir), Diascund Creek Reservoir, Little Creek Reservoir,
and Skiffes Creek Reservoir (fig. 1). The Chickahominy River
is the predominant source of water from outside watersheds.

The Chickahominy River is a tributary to the James
River with headwaters in the lower part of the Piedmont
Physiographic Province (fig. 1). The Chickahominy River
flows into the James River about at the midpoint of the James
River between Chesapeake Bay and the Fall Line (the lower

limit of the Piedmont Physiographic Province). Water is
withdrawn from the Chickahominy River just above Walkers
Dam where a small in-stream reservoir is formed. Upstream
from this reservoir, the flood plain of the Chickahominy River
forms broad, bottomland-hardwood wetlands that are common
in the Coastal Plain. These wetlands attenuate peak flows from
stormwater runoff, remove sediment from runoff, and impart

a substantial amount of dissolved organic carbon to the water
(Speiran, 2000). Below the dam, the river is tidal. During
certain combinations of low freshwater flow, high tides, and
certain wind directions and strengths, salty water can enter
Chickahominy Reservoir and be pumped into the terminal
reservoirs (Lynch, 1992).

Diascund Creek Reservoir is formed by a dam on a
tributary to the Chickahominy River below Walkers Dam.
This reservoir has numerous tributary creeks that typically
drain through wetland flood plains. Little Creek Reservoir is
formed by a dam on a tributary to the Chickahominy River
even farther below Walkers Dam. Unlike Diascund Creek
Reservoir, all of the free-flowing streams upstream from the
Little Creek Dam are inundated by the reservoir. Skiffes Creek
Reservoir is formed by a dam on the tributary to the James



River that drains the watershed immediately west of the Lee
Hall Reservoir watershed. Stream valleys above the dam
contain wetlands.

Natural inflows consist of a combination of direct
discharge to the reservoirs and flow through tributaries from
both surface runoff and ground-water discharge. Surface
runoff results from precipitation in the watershed that does not
infiltrate the soils. Ground-water discharge also contributes
to streamflow during periods of surface runoff. When surface
runoff ends and streams return to base-flow conditions,
streamflow is entirely ground-water discharge. Surface runoff
typically is greatest in the late winter and early spring when
evapotranspiration rates are low, ground-water levels are high,
and soils readily become saturated. Ground-water discharge
rates also are high at these times.

The flood plains of some of the streams that flow into the
terminal reservoirs contain bottomland-hardwood wetlands,
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aquifer consisting primarily of the Moore House Member of
the Yorktown Formation but possibly includes overlying and
underlying sediments.

Ground-water discharge is an important source of water
to the reservoirs. Ground water discharges to the streams in the
reservoir watersheds and directly to the reservoirs. Richardson
(1994) determined that ground-water discharge provides
47 to 79 percent (median of 74 percent) of the annual flow in
streams in the Coastal Plain of Virginia. Thus, ground-water
discharge usually contributes more to streamflow than does
surface runoff. Direct discharge typically is to shallow,
near-shore waters of reservoirs rather than to deeper waters. In
the terminal reservoirs, ground water also may discharge to the
deep parts of the reservoirs where the channels of the original
streams may have incised through clayey sediment that forms
much of the reservoir bottoms and into more permeable
aquifer material. Ground water also may discharge through

which attenuate peak stormwater flows and substantially affect  springs that originally may have been present in the stream

water quality. Beaverdam Creek, the main natural inflow
into Lee Hall Reservoir (fig. 3), contains the most extensive
wetlands of all the natural inflows.

Ground-water discharge is derived from the shallow
aquifer system. The vertical extent of this system can be
defined in several ways (Brockman and Richardson, 1992;
Brockman and others, 1997; Speiran and Hughes, 2001). The
shallowest part, however, includes the Columbia aquifer, the
Cornwallis Cave confining unit, and the Cornwallis Cave
aquifer (fig. 5). The Columbia aquifer generally is an uncon-
fined or water-table aquifer consisting of Holocene sediment,
sediment of the Shirley Formation, and sediment of other
formations that directly underlie the terraces. The Columbia
aquifer also can contain sediment of upper parts of the Moore
House Member of the Yorktown Formation. The Cornwallis
Cave confining unit consists of lower parts of Holocene
sediments, lower parts of the Shirley Formation and other
formations that directly underlie the terraces, and upper parts
of the Moore House Member of the Yorktown Formation. The
Cornwallis Cave aquifer likely is a confined or semiconfined
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Figure 5. Generalized geohydrologic section showing relation of the shallow
aquifer system to Lee Hall and Harwoods Mill Reservoirs, Virginia.

channels and valleys. Such springs are common in stream
channels and at the base of valley walls in the Beaverdam
Creek watershed (Focazio, 1997; Speiran and Hughes, 2001).
Much of the ground-water discharge to streams throughout the
reservoir watersheds likely is through spring discharge.

Historic Water Quality

Chickahominy, Diascund Creek, and Little Creek
Reservoirs are the primary sources of surface water pumped
into Lee Hall and Harwoods Mill Reservoirs (fig. 1). Mean
concentrations of total phosphorus from these sources in the
mid-1980s were 0.049, 0.028, and 0.014 mg/L, respectively
(Lynch, 1992). The total phosphorus concentration of Little
Creek Reservoir without pumpage from other sources,
however, likely would have averaged 0.005 mg/L (Lynch,
1992). In a limnological study of the terminal reservoirs
conducted during this same period, total phosphorus con-
centrations in natural inflows from eight sites on tributaries

to Lee Hall Reservoir ranged from 0.03 to
0.07 mg/L; concentrations did not exceeded
0.04 mg/L in Lee Hall Reservoir below the
[-64 causeway (Hoehn and others, 1986).
Total phosphorus concentrations in single
grab samples collected at these tributary sites
during each of two stormwater-runoff periods
in May 1985 ranged from 0.02 to 0.46 mg/L.
Since this study, inflows having high
phosphorus concentrations either have been
diverted to avoid discharge into the reservoir
or are being treated to remove phosphorus.
Hoehn (1985) concluded that the
shallow depth of Lee Hall Reservoir inhibits
thermal stratification because sharp thermal
gradients were not present at any study sites
in the reservoir. At some sites, however,
gradients in dissolved-oxygen concentrations
were sharp near the bottom of the reservoir.
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These gradients indicate a substantial effect of the decomposi-
tion of organic material in bed sediment or in the lower part
of the water column. This decomposition may be a source of
phosphorus to the reservoir.

Total phosphorus concentrations near the water surface of
Harwoods Mill Reservoir ranged from 0.02 to 0.12 mg/L and
generally decreased from the arm where water was pumped
into the reservoir from outside watersheds to the water-
treatment plant (Hoehn, 1985). Thus, phosphorus concentra-
tions indicate that the pumpage likely is an important source
of phosphorus to Harwoods Mill Reservoir.

Hoehn (1985) further concluded that Harwoods Mill
Reservoir is of sufficient depth to stratify thermally and
chemically for only short periods at the lower end near the
water-treatment plant. In most of the reservoir, however,
stratification did not clearly develop; at all except the sampling
site closest to the water-treatment plant, the vertical thermal
gradient was small and gradual, showing no sharp change
typical of thermal stratification. At some sites, dissolved-
oxygen concentrations declined sharply near the bottom of the
reservoir, whereas concentrations decreased uniformly with
depth at other sites. Near the water-treatment plant, however,
phosphorus concentrations in August 1984 showed the effects
of stratification and possible bed-sediment and water-column
cycling of phosphorus. Near the reservoir surface, total
phosphorus concentration was 0.02 mg/L, total soluble
phosphorus concentration was 0.01 mg/L, and orthophospho-
rus concentration was less than the reporting level. Near the
bottom of the reservoir, however, total phosphorus concentra-
tion was 0.27 mg/L, total soluble phosphorus 0.09 mg/L, and
orthophosphorus concentration was 0.08 mg/L. Hoehn (1985)
also reported that throughout the reservoir during July and
August 1984, total phosphorus concentrations were greater
near the bottom than near the surface of the reservoir, although
only a small part of the reservoir was thermally stratified.

Nutrient Chemistry

Nutrients are present in aquatic systems in particulate
and dissolved forms or species (Mitsch and Gosselink, 1993).
Particulate species can be present in the water column and bed
sediment; dissolved species can be present in the water column
and in interstitial water of the bed sediment. The particular
nutrient species and its location in the aquatic system affect
the availability of the nutrient to stimulate algal growth; only
certain dissolved species stimulate algal growth (table 3).
Consequently, knowledge of the chemistry affecting nutrient
speciation is essential in controlling nutrient cycling and algal
growth.

In aquatic systems, all phosphorus species are present
as phosphate. Particulate forms of phosphate can be bound
to inorganic minerals or present in organic compounds. In
aerobic environments, iron oxides are the most common
inorganic minerals containing phosphate and likely are not
available to algae. When dissolved-oxygen concentrations

are sufficiently low, iron oxides are chemically reduced and
release phosphate as dissolved orthophosphate (PO 4’3) or as
organic phosphate, depending on the form(s) bound to the
iron. When water is oxygenated, iron oxides form and remove
phosphate from solution.

The decomposition of particulate organic material that
contains phosphate produces dissolved organic compounds
(commonly measured as dissolved organic carbon (DOC))
that also contain phosphate. Most phosphate in DOC likely is
not available to most algae. As bacteria further decompose the
dissolved organic compounds, phosphate is released from the
organic compounds into solution as orthophosphate. Inorganic
forms of dissolved phosphorus typically are thought to be
bioavailable. The dissolved-oxygen concentration in water
controls this decomposition; organic compounds typically
decompose more rapidly when dissolved-oxygen concentra-
tions are abundant than when they are limited.

Polyphosphates are used to prevent scaling in boilers and
were used as a builder in detergents. The use of polyphos-
phates in detergents was banned in Virginia after the State
signed the 1983 Chesapeake Bay Agreement. Polyphosphates
hydrolyze to form orthophosphate. Orthophosphate likely
is the primary source of phosphorus available to algae for
photosynthesis. Because orthophosphate is synthesized readily
by algae, orthophosphate concentrations seldom occur much
above reporting levels in natural aquatic systems.

Commonly used analytical determinations include total
or whole-water phosphate, a measure of all of the phosphate
in the sample; dissolved phosphate, a measure of all of the
dissolved species; and dissolved orthophosphate (actually
dissolved reactive phosphate). Concentrations of all species
typically are expressed either as phosphorus (P) or ortho-
phosphate (PO 4’3). The concentration of suspended particles
can be calculated by subtracting the dissolved from the total
phosphorus concentrations.

Particulate forms of nitrogen can be bound to inorganic
minerals and organic compounds. Ammonium (NH,") is the
primary nitrogen species bound to inorganic material because
the ionized species bind to silt and clay minerals by cation
exchange. Nitrogen also can be chemically bound to organic
material which also can be bound to inorganic minerals, such
as iron oxides. As particulate organic material decomposes, it
can form dissolved organic compounds that contain dissolved
organic nitrogen. When bacteria decompose the dissolved
organic material, nitrogen is released or mineralized to form
ammonia (NH,). Ammonia is a gas that can escape to the
atmosphere but readily hydrolyzes in water to form ammo-
nium hydroxide (NH,OH). In the normal pH range for aquatic
systems (5.5 to 8.5), ammonium hydroxide readily ionizes
to form ammonium and hydroxyl ions (NH," and OH"). The
ammonium ion can be immobilized by binding onto the silt
and clay minerals. Where the dissolved-oxygen concentration
is near 0 mg/L, ammonium typically remains unchanged.
Where the dissolved-oxygen concentration is sufficiently
greater than 0 mg/L, ammonium oxidizes (nitrifies) through
a series of reactions mediated by bacteria to ultimately form
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Table 3. Characteristics and environmental significance of nitrogen and phosphorus species, and typical analytical methods of

determination.

Nutrient

Species

Characteristics

Environmental significance

Typical U.S. Geological Survey
analytical method

Nitrogen

Nitrogen

Nitrogen

Nitrogen

Nitrogen

Phosphorus

Phosphorus

Phosphorus

Organic

Ammonia

Nitrite

Nitrate

Elemental

Organic

Polyphosphates

Orthophosphorus

In organic particles derived
from plant and animal
tissue; in soluble organic
compounds dissolved in
water.

Cation (NH,") formed by
decomposition of organic
compounds; commonly
exchanges onto silt and clay
particles; also present as
a dissolved cation and gas
(NH,).

Soluble anion (NOz’) derived
from intermediate step in
the bacterially mediated
oxidation of ammonia;
not commonly elevated in
concentration.

Soluble anion (NO;) derived
from final step in the bacte-
rially mediated oxidation of
ammonia.

Gaseous form of nitrogen (Nz)
dissolved in water; major
gas present in the atmo-
sphere.

Phosphate in organic particles
derived from plant and
animal tissue; in soluble or-
ganic compounds dissolved
in water.

Dehydrated phosphate ions
dissolved in water. Hydrates
to form orthophosphate.

Anion (PO 4’3) derived from
decomposition of organic
compounds, release from
minerals, and hydrolysis of
polyphosphates.

Limited as a factor contribut-
ing to eutrophication but can
contribute when mineralized
to ammonia as organic com-
pounds decompose.

Of the oxidation state most
readily used to synthesize cell
material; hence, contributes
to eutrophication. Elevated
concentrations typically
indicate recent contamination
and(or) low dissolved-oxygen
concentrations. Can be toxic
to fish.

In elevated concentrations
indicates a significant recent
source of contamination. Con-
tributes to eutrophication.

Elevated concentrations typically
are derived from the applica-
tion of inorganic commercial
fertilizers or the bacteri-
ally mediated oxidation of
ammonia (nitrification) in
point and nonpoint sources of
contamination. Contributes to
eutrophication.

Can be used as a nutrient only
by nitrogen-fixing organisms.
Commonly does not contrib-
ute to eutrophication.

Limited contributing factor to
eutrophication but can be re-
leased to form orthophosphate
and contribute to eutrophica-
tion when organic compounds
decompose.

Commonly used in detergents
before the practice was
discontinued and to prevent
scaling in boilers.

Growth-limiting nutrient for al-
gae in most freshwater aquatic
systems. Likely the primary
form used by algae.

Analyzed with ammonia as fil-
tered or whole-water Kjeldahl
nitrogen. Determined by the
difference between the Kjeld-
hal and ammonia analyses.

Analyzed as filtered or whole-
water ammonia. Whole-water
analysis typically includes am-
monia bound to sediment.

Analyzed with nitrate (NO," plus
NO,") and also independently.

Analyzed with nitrite. Determined
by the difference between the
nitrite plus nitrate and nitrite
analyses.

Analyzed as a gas.

Part of the total and dissolved
phosphorus analyses along
with polyphosphates and ortho-
phosphorus. Not determined
independently. Can be inferred
through an extraction sequence
not commonly performed.

Part of the dissolved phosphorus
analysis along with organic
phosphorus and orthophospho-
rus. Not determined indepen-
dently with commonly used
techniques.

Analyzed independently and as
part of the dissolved phospho-
rus analysis.
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nitrate (NO,"). Nitrite (NO,") is one of the intermediate
species formed by these reactions. Consequently, ammonia
concentrations increase only to a limited extent in oxygenated
environments. Additionally, nitrite concentrations typically
are near the minimum reporting level where dissolved oxygen
is abundant because the transformation of nitrite to nitrate is
rapid. Nitrate is extremely soluble and, therefore, is readily
transported through aquatic systems including ground-water
systems. Where dissolved-oxygen concentrations are suf-
ficiently depleted and nitrate is present, the nitrate can be
reduced (denitrified) by bacteria to form nitrogen gas (N,).
Nitrogen gas is the main gas present in the atmosphere and can
be used only by certain algae in photosynthesis.

Ammonium, nitrite, and nitrate are readily used by
algae for photosynthesis. Because ammonium is of the same
oxidation state as the organic compounds that algae synthesize
from inorganic nitrogen, and nitrite and nitrate are of different
oxidation states, ammonia is more readily used by algae in
photosynthesis.

Commonly used analytical determinations include whole
water and dissolved Kjeldahl nitrogen (organic plus ammonia
nitrogen), dissolved ammonia nitrogen, dissolved nitrite plus
nitrate nitrogen, and dissolved nitrite nitrogen. Ammonia
bound to clays cannot be analyzed as ammonia with com-
monly used analytical techniques and is measured only as part
of the Kjeldahl analysis. Concentrations of nitrogen species
not determined by specific analytical determinations (organic
nitrogen and nitrate nitrogen) can be determined by the
difference between values of the appropriate determinations.

Study Methods

Officials with the City of Newport News have collected
and analyzed water samples from selected sites in Lee Hall
and Harwoods Mill Reservoirs once a month since about 1990
and weekly from the raw-water withdrawals for public supply.
USGS personnel collected samples periodically at selected
sites in the reservoirs during the summer of 2002 and during
targeted investigations of specific processes. Summer months
were targeted for data collection because algal populations are
the greatest during the summer.

Data-Collection Sites

The primary USGS data-collection sites were those
also used by the City of Newport News; the nomenclature
used in this report for these sites is similar to that used by the
City. The primary data-collection sites in Lee Hall Reservoir
included site LH1 at the lower end of the reservoir near the
water-treatment plant, site LH2 immediately downstream from
the railroad crossing, and site LH3 above 1-64 and in the part
of the reservoir affected minimally by pumpage from outside
sources (fig. 3; table 4). The USGS also collected samples

at site CR1 on Curtis Run (fig. 3), which represents pumped
inflow, site BR1 on Baptist Run (a tributary to Beaverdam
Creek) (fig. 2), which represents natural inflow, and at
supplemental sites in the reservoir. Although a stream site
located on Beaverdam Creek would have represented natural
inflow better than site BR1, backwater from beaver dams
and stream access limited site selection. Because the stream
channel in lower Beaverdam Creek has a lower gradient and
broader channel than the stream channel at Baptist Run, water
probably flows more slowly and the water quality likely is
different at Beaverdam Creek.

The primary data-collection sites in Harwoods Mill
Reservoir used by the City of Newport News were site HM1 at
the lower end of the reservoir near the water-treatment plant,
site HM2 immediately upstream from where State Road 620
crosses the reservoir, and site HM3 on an unnamed tributary
used for pumping inflow into Harwoods Mill Reservoir. The
City of Newport News uses the HM3 site to represent pumped
inflows into both reservoirs. Because the emphasis of this
study was on Lee Hall Reservoir, the USGS used only one site,
HM1, as the primary data-collection site in Harwoods Mill
Reservoir. Supplemental sites in Harwoods Mill Reservoir also
were used for collecting samples (fig. 4; table 4).

The project nomenclature of the supplemental sites in
both reservoirs is based on the nomenclature of the primary
sites. This nomenclature adds a decimal number to the
downstream primary site number and represents the approxi-
mate fraction of the distance of the secondary site between
the downstream and upstream primary sites. For example,
the supplemental site in Lee Hall Reservoir located about
halfway between sites LH1 and LH2 is designated as site
LHI1.5. For supplemental sites located upstream from the last
primary site, the whole-number designations are continued.
For example, the supplemental site located upstream from
site LH3 is designated as site LH4. In Lee Hall Reservoir, all
primary sampling sites are located along the path of natural
inflow from Beaverdam Creek to the water-treatment plant;
no primary sampling sites are located in the Curtis Run arm
of the reservoir into which the water from outside watersheds
is pumped. To clearly identify supplemental sites in the Curtis
Run arm of the reservoir, the designation “(CR)” was added
to the LH designation (fig. 3; table 4). These designations
are followed by an upstream sequence number similar to the
primary sites. Thus, the two sites in the Curtis Run arm are
designated LH(CR)1 and LH(CR)2.
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Descriptions of water-quality and bed-sediment sampling sites in or near Lee Hall and Harwoods

[USGS, U.S. Geological Survey; WTP, water-treatment plant; U.S., United States]

Project site number ~ USGS station number Location description
Lee Hall Reservoir
LH1 0204279240 Lee Hall Reservoir at WTP near Lee Hall, VA
LHL.5 0204279232 Lee Hall Reservoir at Route 105 near Lee Hall, VA
LH2 0204279230 Lee Hall Reservoir above Route 105 near Lee Hall, VA
LH2.3 0204279228 Lee Hall Reservoir above railroad bridge near Lee Hall, VA
LH2.6 0204279225 Lee Hall Reservoir at Interstate 64 near Lee Hall, VA
LH2.7 0204279213 Lee Hall Reservoir at Route 143 near Lee Hall, VA
LH3 0204279210 Lee Hall Reservoir above Interstate 64 near Lee Hall, VA
LH4 0204279200 Lee Hall Reservoir below aqueduct near Lee Hall, VA
BR1 0204278995 Baptist Run at Route 637 near Yorktown, VA
LH(CR)1 0204279224 Lee Hall Reservoir above power lines near Lee Hall, VA
LH(CR)2 0204279223 Lee Hall Reservoir below Curtis Run near Lee Hall, VA
CR1 0204279220 Curtis Run above Lee Hall Reservoir near Lee Hall, VA
Harwoods Mill Reservoir
HM1 01677850 Harwoods Mill Reservoir above U.S. Highway 17 at Tabb, VA
HMI.1 0167784610 Harwoods Mill Reservoir below submerged dam near Tabb, VA
HM1.3 01677846 Harwoods Mill Reservoir above submerged dam near Tabb, VA
HM1.5 01677835 Harwoods Mill Reservoir at airport near Tabb, VA
HM1.7 01677832 Harwoods Mill Reservoir above airport near Tabb, VA
HM1.9 0167783010 Harwoods Mill Reservoir below Route 620 near Tabb , VA
HM2 01677830 Harwoods Mill Reservoir at Route 620 near Tabb , VA
HM2.4 01677825 Harwoods Mill Reservoir at Tributary 1 near Tabb, VA
HM2.6 01677823 Harwoods Mill Reservoir in Tributary 1 near Tabb, VA
HM3 01677820 Harwoods Mill Reservoir in Tributary 1 near Tabb, VA

Sample Collection and Analysis

Water samples were collected from the reservoirs by
the USGS and City of Newport News personnel in a similar
manner, using a peristaltic pump with a weighted silicon tube
that was graduated in 1-ft intervals and attached to a small-
diameter, steel cable to minimize stretching of the tubing
and assure accurate depth determinations. Surface samples
identified in this report with an “S” suffix, such as LH1S, were
collected from about 1 ft below the water surface. Bottom
samples designated with a “B” suffix, such as LHIB, were
collected about 1 ft from the bottom of the reservoir to avoid
pumping bed sediment.

Some of the sample-collection and processing methods
used by USGS personnel differed from those used by City
of Newport News personnel. USGS personnel dedicated a
separate set of weighted tubing and cable for each sample
collected, whereas City of Newport News personnel used
the same tubing at each site after rinsing it with native water

before collecting a sample. USGS personnel soaked the

inside of the tubing with hydrochloric acid, rinsed it with a
de-ionized water and detergent solution, and rinsed it again
with de-ionized water before each use. Once the tubing was
lowered to the sampling depth, native water was pumped
through the tubing for about 5 minutes to establish equilibrium
between the water and the tubing.

Water samples also were collected periodically during
base flow and at different times during selected runoff periods
on Baptist Run. During base flow, samples were collected
from the midpoint of the stream by using a peristaltic pump
with a weighted silicon tube. During runoff periods, samples
were collected at the midpoint of the stream by using a
depth-integrating sediment sampler.

Water temperature, pH, specific conductance, and
dissolved-oxygen concentrations were measured on site by
USGS personnel using a YSI 6600 multiparameter sonde in
accordance with methods described by Wilde (variously dated)
and the instrument manufacturer (YSI Incorporated, undated).
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These measurements were made by City of Newport News
personnel using a Hydrolab multiparameter sonde. USGS per-
sonnel measured chlorophyll concentrations (considered to be
total chlorophyll) with an optical probe on the sonde according
to manufacturer specifications (YSI Incorporated, undated). At
least one sample was collected during most sample-collection
periods, processed on site using methods described by Wilde
(variously dated), and then shipped overnight on dry ice to the
USGS National Water Quality Laboratory (NWQL) in Arvada,
CO, for analysis of chlorophyll a using methods described

by Arar and Collins (1997). Selected physical and chemical
characteristics were measured in the field at 1-ft-depth
intervals from the surface to the bottom of the reservoirs and at
1 ft below the surface in the streams during each sample-
collection period.

Samples requiring filtration that were collected by USGS
personnel were filtered on site whereas such samples collected
by City of Newport News personnel were filtered after they
arrived at the City of Newport News laboratory. Samples
collected and analyzed by the USGS for dissolved nutrients,
cations, and anions were filtered through 0.45-micrometer
(um) pore-size capsule filters. Although these samples
are designated as dissolved, colloidal particles also can be
present in the samples because of the filter pore size. Samples
analyzed for concentrations of nutrients, anions, cations,
and organic carbon were processed and preserved according
to USGS methods documented in Wilde and others (1999).
Samples were chilled and shipped overnight to the NWQL.
The NWQL analyzed the samples for nutrients using methods
described by Fishman and Friedman (1989), Patton and Truitt
(1992; 2000), and Fishman (1993); for major ions using
methods described by Fishman and Friedman (1989), Fishman
(1993), and American Public Health Association (1998); for
dissolved organic carbon using methods described by Brenton
and Arnett (1993); for copper using methods described by
Faires (1993); and for total iron using methods described by
Garbarino and Struzeski (1998). Analytical data from the
NWQL were published in USGS annual data reports (White
and others, 2003; 2004). In some instances, analytical results
reported by the NWQL contained estimated concentrations
for values less than the minimum reporting level (MRL).
Estimated values are identified in tables but are not discussed
in this report.

A minimum of 10 percent of the samples collected
by both USGS and City of Newport News personnel were
collected for quality-assurance (QA) purposes. The QA
samples consisted of replicate samples collected at selected
sites during sampling or equipment blanks. QA data from the
USGS analyses were published with the other analytical data
in USGS annual data reports (White and others, 2003; 2004).
Equipment blanks indicated an absence of contamination
by the equipment and methods used. Analyses of replicate
samples indicated good agreement among the replicate
samples.

Samples collected by City of Newport News personnel
were analyzed by the City of Newport News Waterworks

Laboratory. As a laboratory for a water-treatment facility, the
laboratory analyzes samples using analytical methods of the
U.S. Environmental Protection Agency. Because the samples
are collected and analyzed as part of a long-term waterworks
program and not specifically for this project, the laboratory
did not go through USGS certification but is certified by the
Virginia Department of Consolidated Laboratory Services
(DCLS). DCLS is certified by the NWQL for nutrient analy-
ses. The data collected by City of Newport News personnel
are identified in this report as “Newport News data” and

are included in appendixes that only are available online at
http://pubs.water.usgs.gov/sir2006-5277.

Selected samples were analyzed for the abundance
of oxygen-18 ('30) and deuterium (D), the heavy, stable
isotopes of oxygen and hydrogen in reservoir water, stream
water, and the pumped inflow to help determine the effects
of mixing and stratification in the reservoirs. Oxygen-18 and
deuterium occur in the natural environment, including in
water molecules, where the more abundant lighter isotopes
(oxygen-16 ('°0) and hydrogen (H), respectively) are present
(Gat and Gonfiantini, 1981; Coplen, 1993). The abundance of
oxygen-18 and deuterium in water varies on global and local
scales; therefore, measurement of the abundance of oxygen-18
and deuterium in water can be an important tool in evaluating
hydrologic processes and pathways. Variability occurs because
the heavy isotopes react chemically and physically in a
different manner from the light isotopes. These differences in
reactions result in fractionation that depletes or enriches the
abundance of oxygen-19 and deuterium in the source water.
Evaporation and condensation are among the processes that
fractionate oxygen-18 and deuterium. When water evaporates,
a proportionally larger number of atoms of the lighter isotopes
(**0 and H) evaporate, leaving the heavier isotopes in the
water that remains.

Because of the limited abundance of oxygen-18 and
deuterium, the ratios of oxygen-18 to oxygen-16 ('%0/'°0)
and deuterium to hydrogen (D/H) can be measured to an order
of magnitude greater accuracy than actual concentrations
(Coplen, 1993). To provide a common reference, ratios of
the isotopic composition of samples typically are compared
to those of a standard solution. Comparisons are expressed
as delta (J) values in units of parts per thousand (per mil) as
indicated by the following equation for #O:

" /60$ample \
§%0 = o —1|*1,000. (D)

% Standard
0]

The equation for deuterium is similar to the equation for
oxygen-18. Values from oxygen and hydrogen isotope samples
are reported relative to those of the Vienna Standard Mean
Ocean Water (VSMOW). A negative value indicates that the
sample is isotopically depleted in the heavy isotope relative to
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the standard and is referred to as isotopically “light.” This is
typical of waters in the Virginia Coastal Plain.

The relation of 8'0 and 8D in precipitation is defined by
the equation:

§D=mé%0—d, ()

where m is the slope of the relation, and d is the deuterium
excess.

Globally, the mean deuterium excess in precipitation is
+10 per mil (Craig, 1961). The line formed by this relation
applied globally is called the “global meteoric water line” and
has a slope of 8. Because the deuterium excess differs by loca-
tion, a different equation can be derived for local precipitation.
The resulting relation generally will be parallel to the global
meteoric water line. If isotopes in precipitation that contributes
to streamflow are not fractionated, the isotopic composition
of stream water will coincide with that of the local meteoric
water line. If a substantial part of the water evaporates, the
fractionated isotopes will form a relation having a slope less
than 8 and typically ranging from 3 to 6 (Coplen, 1993). In
moderate climates, such as areas near the terminal reservoirs,
evaporation typically is not a factor in fractionating isotopes
in water except where large lakes or reservoirs provide a large
surface area for evaporation (Gat and Gonfiantini, 1981).
Speiran (2000) determined that the local meteoric water line
for the Chickahominy River basin had a slope of 8 and a
deuterium excess of 13.8. Because of the broad and shallow
wetland characteristics of the river, evaporation appreciably
fractionated the water. The slope of the evaporation line was
5.1, and the deuterium excess was -4.0.

Targeted Investigations

Targeted investigations were conducted to evaluate
selected physical, chemical, and biological processes in the
reservoirs. Because many of the processes that affect water
quality are biologically mediated, including dissolution and
formation of minerals, they commonly are termed “biogeo-
chemical” processes. The targeted investigations included
evaluations of (1) circulation and hydraulic retention time,
(2) the vertical distribution of nutrient concentrations in the
water column, (3) the release of phosphorus from particles
suspended in the water column, (4) effects of copper-sulfate
applications, (5) the settling of phosphorus as bed sediment,
and (6) distributions of phosphorus, copper, and other constitu-
ents in bed sediment and interstitial water.

Circulation and Hydraulic Retention Time

Thermal and chemical stratification can substantially
affect circulation, biogeochemical processes and, conse-
quently, the spatial and temporal distribution of nutrients and
other water-quality characteristics. The high rates of pumpage
into and out of Lee Hall and Harwoods Mill Reservoirs
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combined with flow restrictions by the causeway crossings
can alter flow and possibly cause water to flow through just

a part of reservoir cross sections (short circuit) rather than
flow uniformly through entire cross sections (plug flow) along
the length of the reservoirs and thereby affect water quality.
Such effects on flow in the reservoirs can affect how well
water quality in a cross section is represented by water quality
at a sampling site and whether water-quality differences
among sites represent changes in the quality of water flowing
through the reservoirs or represent other circulation patterns.
Consequently, knowledge of stratification and circulation in
the reservoirs was essential in the final selection of data-
collection sites and interpretation of data from these sites.

A study, therefore, was conducted August 8—13, 2003, to
evaluate stratification and circulation in the reservoirs during
a period when extremes in such conditions were expected to
occur. Results of this study are supported further by isotope
analyses and results of other studies.

The study was conducted by measuring water-quality
characteristics on site at 1-ft-depth intervals in multiple cross-
section vertical profiles at all reservoir sites shown in figures
3 and 4, from the upper to the lower ends of the reservoirs.
One to five profiles were measured in each cross section,
depending on the reservoir width and depth at the site. In cross
sections having five vertical profiles, the profiles were located
at the midpoint in the cross section, at the right and left quarter
points, and within 5 to 20 ft of the right and left banks. Surface
and bottom water samples were collected from selected
midpoints and analyzed for concentrations of nutrients, major
ions, and stable isotopes. Effects of stratification, pumpage,
and flow restriction were evaluated by comparing water
quality vertically and laterally in the cross sections and along
the length of the reservoirs.

Vertical Distribution of Nutrients in the Water
Column

Nutrient concentrations in samples collected during
a previous study (Hoehn, 1985), by the City of Newport
News personnel, and during this study commonly differed
between samples collected near the surface and bottom of the
reservoirs, particularly in Harwoods Mill Reservoir when it
was stratified. The vertical distribution in concentrations from
the surface to the bottom in all three studies, however, was
not certain, and such distributions can help in the evaluation
of phosphorus sources. Samples were collected and physical
and chemical characteristics were measured at 1- to 2-ft-depth
intervals from the surface to the bottom at site LH1 on
August 12, 2003, and at site HM1 on August 11, 2003
(figs. 3, 4), to provide a single “snapshot” of the distribution
at each site, because nutrient concentrations typically differ
the most at these sites between the surface and bottom during
the mid to late summer. Samples were analyzed for dissolved
and whole-water concentrations of nitrogen and phosphorus
species.
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Release of Phosphorus from Suspended
Particles

Although bed sediment commonly is cited as a source of
dissolved phosphorus to the water column, release of phospho-
rus from particles suspended in the water column also can be
a major phosphorus source (Pettersson, 1998). Consequently,
release of dissolved phosphorus from particles in samples
collected from the water column was investigated in a labora-
tory study. Samples were collected from sites LH1S, HM1S,
and HM1B at the same time that samples were collected for
investigating the vertical distribution of nutrients in the water
column. Twelve polyethylene 500-milliliter (mL) bottles were
filled with sample water from each site, wrapped in aluminum
foil, and incubated in the dark at 25 degrees Celsius (°C) in
the Virginia Water Science Center laboratory. Incubation
of samples began the morning of August 13, 2003. Sets of
three bottles for each site were removed from the incubator
and processed at the same time of morning on August 14,
August 18, and August 22, 2003, for triplicate analyses of total
and dissolved phosphorus by the NWQL.

Effects of Copper-Sulfate Application

Copper-sulfate application can affect biogeochemical
processes that release and take up nutrients in the reservoirs
because of the toxic effects of copper on algae, bacteria, and
other aquatic organisms. Knowledge of such effects can help
to better understand processes controlling nutrient concentra-
tions and the variability in nutrient concentrations during
routine sampling. Consequently, water samples were collected
and analyzed periodically from before one application to
before the next application.

Copper sulfate was applied to Lee Hall Reservoir on
September 20 and October 9—-10, 2002, and to Harwoods Mill
Reservoir on September 19 and October 8, 2002. Samples
were collected at sites LH1, LH2, and LH3 (fig. 3) on
September 18, 23, and 27 and October 8, 2002 (2 days before
and 3, 7, and 18 days after the first copper-sulfate application).
Samples were collected at site HM1 (fig. 4) on September 17,
23, and 27 and October 7, 2002 (2 days before and 4, 8, and
18 days after the first copper-sulfate application). The first
and last sets of samples were collected at the same time as
the City of Newport News monthly sampling. Physical and
chemical characteristics were measured on site at 1-ft-depth
intervals. Water samples were analyzed for concentrations of
nutrients, major ions, dissolved and total copper, dissolved and
total iron, dissolved organic carbon, chlorophyll, and stable
isotopes.

Settling of Phosphorus as Bed Sediment

Settling of particles containing phosphorus as bed
sediment can be a large part of the phosphorus budget. A study
of the rate of phosphorus settling was conducted by collecting

settling particles for analysis of phosphorus concentrations
during the study of copper-sulfate application. A single
collector was deployed on the reservoir bottom at sites LHI,
LH3, and HM1 (figs. 3, 4) during the first sample-collection
period of the copper-sulfate application study

(September 17-18, 2002). Three collectors were deployed
on the reservoir bottom at site LH2 to collect replicate
samples. Each collector was retrieved and replaced with a
clean collector during each subsequent sampling period
(September 23 and 27 and October 7-8, 2002); no new collec-
tors were deployed during the last sample-collection period.

Collectors consisted of plastic containers (15.75 inch (in.)
long by 10.6 in. wide by 10 in. high) wedged into weighted
wire baskets. Each basket was suspended from four ropes (one
connected to the midpoint of each side of the basket and one
to the midpoint of each end of the basket). The other ends of
the ropes were connected to a float to permit retrieval of the
collector. To deploy the collectors, each collector was lowered
to the bottom of the reservoir after it was filled with native
water from the sampling site to reduce buoyancy and allow
the collector to settle to the reservoir bottom. A moderately
tight-fitting, weighted lid covered the plastic container during
deployment and retrieval to prevent bed sediment disturbed
during deployment from settling into the collector and to
prevent collected particles from washing out of the collector
during collector retrieval. The lid had a metal eye attached
to the midpoint of each side and a rope attached to its center.
This rope was used to remove the lid after collector deploy-
ment and to cover the collector during retrieval. The ropes at
the sides of the basket were threaded through the metal eyes to
guide the lid directly onto the collector for retrieval.

Collectors were deployed and retrieved from a boat that
was anchored at the bow and stern to minimize swaying of the
boat. If movement of the boat appeared to cause the collector
to drag across the reservoir bottom during deployment, the
collector was retrieved, cleaned, and redeployed. If movement
of the boat disturbed the collector before the lid covered the
collector during retrieval, the sample was discarded. Care
was taken to minimize spillage and resuspension of settled
particles during retrieval. Bed sediment that had settled in the
collector during deployment or retrieval appeared distinctly
different from particles that settled from the water column.
This facilitated identification of contaminated samples which
were then discarded.

After the collector was retrieved, the lid was removed,
water and particles were poured into a 2-liter (L) graduated
cylinder. The sample volume was recorded prior to being
poured from the graduated cylinder into a churn splitter. The
graduated cylinder was placed in a clean collector before
the sample was poured into it to collect spillage. Spillage
was subsequently measured and combined with the rest of
the sample. The collector was rinsed with de-ionized water,
which also was poured into the graduated cylinder with the
sample until all particles were removed from the collector.
Volume was recorded and the contents of the cylinder
were then poured into the churn splitter with the rest of the



sample. Samples of the suspension were collected from the
churn splitter, processed, and analyzed for total phosphorus
concentrations.

Rates of settling were calculated in units of milligrams
per liter per day ((mg/L)/d) based on the total volume of
sample and wash water, the phosphorus concentration, and the
volume of water above the collector according to the following
equation:

AC:[[TP]*[DP”*VS’ 3)

V.*D
where

AC is the change in phosphorus concentration in the

water column ((mg/L)/d),
[TP] is the measured total phosphorus concentration
(mg/L),
[DP] is the measured dissolved phosphorus concentration
(mg/L),
V. is the total volume of the combined collected sample
and rinse water (L),
V_ is the volume of the water column over the collector
(L), and
D is the days of deployment of the individual collector.
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Bed Sediment and Interstitial Water

Bed-sediment samples were collected from both
reservoirs to determine concentrations of phosphorus, copper,
and other constituents in the sediment and interstitial water to
help determine the amount of phosphorus contributed from
the bed sediment to the water column. Grab samples of the
upper several centimeters of sediment were collected at 9 sites
in Lee Hall Reservoir on August 20, 2003, (fig. 3; table 5)
and at 8 sites in Harwoods Mill Reservoir on October 29,
2003, (fig. 4; table 6) by using a standard-sized ponar grab
sampler. Bed-sediment cores also were collected from Lee
Hall Reservoir at sites LHI and LH3 by use of a box corer on
the day the grab samples were collected. A 3.25-in. diameter
by 2-ft long split-spoon core barrel also was hand driven to
refusal at most sites to determine the thickness of sediment
deposited over the sediment present when the reservoirs were
constructed. The depth of refusal was recorded.

Sediment samples from the grab, box-core, and core-
barrel samplers were visually inspected for color, texture, and
the presence of benthic organisms. These characteristics were
compared among different types of samples collected at the
same sites. During the collection of samples from Lee Hall
Reservoir, samples of floating and “rooted” aquatic plants and

Table 5. Physical description of bed sediment collected from Lee Hall Reservaoir, Virginia, August 20, 2003.

[—, no data]
Station Site number Samplg . . e Moisture
number (fig. 3) numhe_r in Sample type, location, and physical description _content,
appendixes in percent
0204279200 LH4 5 Grab sample from center, sandy 29.9
0204279210 LH3 1 Second split-spoon core from center, clay 62.5
0204279210 LH3 2 Split-spoon core from center, contact between clay bottom and —
overlying soft material
0204279210 LH3 3 Split-spoon core, clay bottom, no soft sediment on top 44.7
0204279210 LH3 Grab sample from cove near docks near south shore 75.9
0204279210 LH3 6 Grab sample from north shore, sandy (also collected macrophytes 80.1
and algae)

0204279210 LH3 Grab sample from shallows near north shore, clay 73.8
0204279210 LH3 Split-spoon core from north shore, core bottom 21.7
0204279210 LH3 Split-spoon core from north shore, core top 75.0
0204279213 LH2.7 13 Grab sample from center, no organics? 82.4
0204279213 LH2.7 14 Grab sample from center, oily film 82.1
0204279223 LH(CR)2 11 Grab sample from center —
0204279224 LH(CR)1 10 Grab sample from center —
0204279225 LH2.6 16 Grab sample from enter 68.6
0204279228 LH2.3 15 Grab sample from center 85.6
0204279232 LH1.5 18 Grab sample at spillway 72.7
0204279232 LH1.5 19 Grab sample from center near bridge, organics 38.3
0204279232 LH1.5 20 Grab sample from center near bridge, sandy 66.4
0204279232 LH1.5 21 Split-spoon core, lower core section, clay 45.5
0204279240 LH1 17 Grab sample from center —
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Table 6. Physical description of bed sediment collected from Harwoods Mill Reservaoir, Virginia, October 29, 2003.

. Site number Samplez . . - Moisture
Station number (fig. 4) numhe_r in Sample type, location, and physical description _contenl,
appendixes in percent
01677823 HM2.6 17 Split-spoon core from center, bottom clay, organic 76.0
01677823 HM2.6 19 Split-spoon core form center, upper fluffy zone 84.0
01677825 HM2.4 15 Split-spoon core from center, bottom clay, organic 55.9
01677825 HM2.4 16 Split-spoon core from center, upper fluffy zone 86.2
01677823 HM2.4 18 Split-spoon core from center, middle dark gray soil with roots 38.6
01677830 HM2 12 Split-spoon core from center, upper fluffy zone (6 inches) 62.4
01677830 HM2 13 Split-spoon core from center, upper fluffy zone 79.5
01677830 HM2 14 Split-spoon core from center, upper fluffy zone (6 inches) 58.2
0167783010 HM1.9 11 Split-spoon core from center, upper fluffy zone 80.7
01677832 HM1.7 9 Split-spoon core from center, lower granular zone (4 inches) 64.0
01677832 HM1.7 10 Split-spoon core from center,upper fluffy zone 82.0
01677835 HM1.3 4 Split-spoon core from shore surface material 45.0
01677835 HM1.3 5 Split-spoon core from center, lower pasty zone (4 inches) 50.2
01677835 HM1.3 6 Split-spoon core from north shore lower sediment 15.7
01677835 HMI1.3 7 Split-spoon core from center, upper sandy zone, detritus 59.5
01677835 HM1.3 8 Split-spoon core from center, lower pasty zone (4 inches) 524
0167784610 HM1.1 3 Split-spoon core from center, upper fluffy zone 87.3
01677850 HM1 1 Split-spoon core from center, lower pasty zone (4 inches) 71.4
01677850 HM1 2 Split-spoon core from center, upper fluffy zone 89.0

algal mats also were collected for analysis. The aquatic plants
and algal mats were inspected for the presence of macroinver-
tebrates because the absence of macroinvertebrates as noted in
the bed-sediment samples might result from the application of
copper sulfate. Shorelines in several areas were inspected for
the presence of rooted aquatic plants and algal mats.

Each box-core sample was sealed in the core liner
onboard the boat to minimize exposure to the atmosphere.
Cores then were processed in a research laboratory in Reston,
VA, within several hours of collection in a nitrogen-gas-
filled glove bag by sectioning each core, transferring the
sediment into centrifuge tubes, and sealing the tubes before
removing them from the glove bag to prevent exposure to the
atmosphere. Sediment cores were sectioned at 1-centimeter
(cm) intervals from the interval closest to the sediment and
water-column interface to a depth of 10 cm and, thereafter, at
2-cm intervals to the bottom of the core. Interstitial water was
removed from the sediment solids of all intervals by centrifug-
ing the whole-sediment samples in a nitrogen atmosphere. The
centrifuge tubes then were returned to a nitrogen-filled glove
bag. Approximately 2 mL of centrifuged, unfiltered, interstitial
water was set aside for analysis. Up to 10 mL of centrifuged
water was filtered through 0.4-um polycarbonate filter mem-
branes. Because of the abundance of fine-grained sediment in
the centrifuged water, the filters plugged quickly. The plug-
ging precluded using the standard procedure of wasting the
water, which initially passed through each filter, and retaining
only the subsequent part of the water. One milliliter of filtrate
was added to 9 mL of eluent to preserve the samples for ion

chromatographic analysis. The remaining filtrate was acidified
with ultrapure nitric acid. The wet sediment in the centrifuge
tubes was frozen and then freeze-dried. Dry samples were
broken apart in an agate mortar and sieved to separate the
particles less than 125 um from those larger than 125 um. The
fraction of particles larger than 125 pum was ground to less
than 125 pm in preparation for chemical analysis.

Bed-sediment and interstitial water were further
processed and analyzed for phosphorus, copper, and other
constituents using methods described by Simon and others
(1999). Processing included methods for sequentially
extracting different forms of phosphorus from bed sediment
as described by Ruttenberg (1992). The first extraction was a
magnesium chloride extraction that removed the loosely and
unbound phosphorus. The next step was a dithionite extrac-
tion that removed the phosphorus that was bound to poorly
crystallized iron oxides, which includes inorganic and organic
forms of phosphorus that are bound to iron oxides.

Reservoir Management Practices

Natural processes combined with management practices
affect the water quality of the two terminal reservoirs by
directly and(or) indirectly altering the hydraulic characteristics
and the physical and biogeochemical processes of the
reservoirs. Pumping of water from outside sources, withdrawal
of water for public supply, and application of copper sulfate



to control algal growth are the major management practices
that affect the terminal reservoirs. These practices appreciably
affect both reservoirs similarly in many respects but differently
in others.

Reservoir Pumpage

Pumpage into the reservoirs is controlled so that the
combination of natural and pumped inflows generally meets
but does not exceed the average needs for public supply, loss
by evapotranspiration, and leakage through the dam. Thus, the
amount of pumped inflows into the terminal reservoirs is influ-
enced heavily by the rates of natural flows into the reservoirs.
When natural flow into either reservoir exceeds withdrawal,
water usually is not pumped into that reservoir. Consequently,
water only flows over the dam of either reservoir when high
natural inflows persist long enough to raise the reservoir level
above the spillway.

The water-treatment plant at Lee Hall Reservoir is the
older of the two treatment plants and has the largest design
capacity for treating water. Raw water historically was
withdrawn from Lee Hall and Harwoods Mill Reservoirs
at rates proportional to their design capacities; withdrawal
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rates typically averaged 30 and 20 Mgal/d, respectively.
Withdrawals from the reservoirs from 2000 to 2003, however,
were not consistent with this practice, because failure of parts
of the Lee Hall water-treatment plant and reconstruction of
the entire plant temporarily reduced the capacity of the plant.
This resulted in temporary alternative operation strategies that
affected pumpage into the reservoirs as well as withdrawals.

Natural hydrologic conditions during the study period
provided some of the most extreme conditions likely to
be encountered in the reservoirs; the study began during
severe drought conditions and ended during extremely wet
conditions. Based on streamflow records at the gage on the
Chickahominy River at Providence Forge (station 02042500),
annual streamflow in 2002 was the lowest on record (26 per-
cent of normal) and the highest on record in 2003 (212 percent
of normal) based on continuous record since January 1942
(White and others, 2003, 2004). Such extreme conditions were
prevalent throughout the area.

Pumpage from outside watersheds into Lee Hall
Reservoir averaged 11.4 to 22.4 Mgal/d annually from
2000 through 2003 and 17.7 Mgal/d for the entire 4-year
period (fig. 6; table 7). About 57 percent of the pumpage
was from the Chickahominy River. Peak daily pumpage

NORMAL YEAR
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Figure 6. Daily rate

of pumped inflow from
outside surface-water
sources into Lee Hall
and Harwoods Mill
Reservoirs, Virginia,
January 2000-December
2003. (Streamflow in a
normal yearis 75 to

125 percent of the mean
annual streamflow at
Chickahominy River

at Providence Forge
(02042500); streamflow
in a wet year is greater
than 125 percent of the
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into Lee Hall Reservoir was 42.3 Mgal/d. Daily pumpage

into Harwoods Mill Reservoir averaged 10.2 to 20.3 Mgal/d
annually from 2000 through 2003 and 16.4 Mgal/d for the
entire period. About 73 percent of that pumpage was from the
Chickahominy River. Peak daily pumpage into Harwoods Mill
Reservoir was 35.8 Mgal/d. Pumpage rates into both reservoirs
were greatest in 2001 and 2002, two extremely dry years, and
least in 2003.

Raw-water withdrawals from Lee Hall Reservoir aver-
aged 23.9 to 26.2 Mgal/d annually from 2000 through 2003
and 24.8 Mgal/d for the entire period. Peak daily with-
drawal from Lee Hall Reservoir for the 4-year period was
42.0 Mgal/d. Raw-water withdrawals from Harwoods Mill
Reservoir averaged 23.3 to 25.7 Mgal/d annually from 2000
through 2003 and 24.6 Mgal/d for the entire period (table 7).
Peak daily withdrawal for the 4-year period was 55.5 Mgal/d.

300
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Thus, pumpage into and from both reservoirs was similar
during this period.

Daily pumpage from outside watersheds into Lee
Hall Reservoir averaged 48 to 87 percent of the raw-water
withdrawals annually from 2000 through 2003 and averaged
71 percent for the entire period (fig. 7; table 7). Daily pump-
age from outside watersheds into Harwoods Mill Reservoir
averaged 42 to 82 percent of the raw-water withdrawals
annually from 2000 through 2003 and 67 percent for the entire
period.

Although the average raw-water withdrawals from Lee
Hall Reservoir exceeded those from Harwoods Mill Reservoir
by only 0.2 Mgal/d for the entire period, average pumpage
into Lee Hall Reservoir exceeded pumpage into Harwoods
Mill Reservoir by 1.3 Mgal/d. This greater difference in
volume of pumped flow into Lee Hall Reservoir could result
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Figure 7. Pumped
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surface-water sources
as a percent of the raw-
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public supply, January
2000-December 2003,
Lee Hall and Harwoods
Mill Reservoirs, Virginia.
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from a combination of greater natural flow into Harwoods
Mill Reservoir, greater evaporation from Lee Hall Reservoir,
or greater leakage beneath the Lee Hall dam. Greater flow

into Harwoods Mill Reservoir is not likely because the Lee
Hall Reservoir watershed is about 75 percent larger than the
Harwoods Mill Reservoir watershed. Greater evaporation from
Lee Hall Reservoir is likely because the surface area of Lee
Hall Reservoir is about 86 percent larger than the surface area
of Harwoods Mill Reservoir. The effects of leakage beneath
the dam are uncertain, but the dam forming Lee Hall Reservoir
is about three times the length of the dam forming Harwoods
Mill Reservoir.

Copper-Sulfate Application

Copper sulfate typically has been applied to both
reservoirs throughout the year at intervals that depended on the
rate of algal fouling of the filters of the water-treatment plants.
Copper sulfate was applied to each reservoir in recent years

120 T T T T

by mixing the chemical with water and spraying the solution
onto the reservoir surface with a line of spray heads attached
to a pipe that extended across the stern of a boat. The boat
traversed across the width of each reservoir from one end to
the other. The chemical solution was not applied in the shal-
lowest parts of the reservoirs. Although only one reservoir was
treated at times, both reservoirs typically were treated during
most periods with copper sulfate applied to one reservoir and
then to the other. Application to both reservoirs typically can
be completed in 2 days. From 1994 through 2003, intervals
between copper-sulfate applications ranged from 3 to 99 days;
the shortest intervals typically occurred during the summer
and early fall (fig. 8).

Although application amounts varied, 3,600 pounds (1b)
of copper sulfate typically were applied to Lee Hall Reservoir
(7.3 pounds per acre (Ib/acre)) and 3,500 1b to Harwoods Mill
Reservoir (13.2 Ib/acre) during each application. Although
application rates differed by reservoir area, rates by reservoir
volume were 4.1 1b per million gallons for both reservoirs.
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Figure 8. Intervals between copper-sulfate applications, January 1994—December 2003, Lee Hall and Harwoods Mill

Reservairs, Virginia.



Because copper sulfate is hydrated, copper is only

25.2 percent of the weight of the chemical, which resulted

in a typical application being 907 and 882 1b (1.84 and

3.33 Ib/acre) of copper to Lee Hall and Harwoods Mill
Reservoirs, respectively. Because of the varied application
intervals and amounts, annual application amounts of copper
sulfate during 1994-2003 ranged from 43,100 to 79,150 1b
(10,861 to 19,946 1b of copper) for Lee Hall Reservoir and
from 41,400 to 90,700 1b (10,433 to 22,856 1b of copper) for
Harwoods Mill Reservoir (fig. 9). Annual rates of application
reflect a general decrease from 1994 through 2003. This
trend is stronger for Lee Hall Reservoir (R?= 0.69) than for
Harwoods Mill Reservoir (R?>= 0.20).

If copper sulfate were applied evenly across the
reservoirs, the concentration after complete vertical mixing
at a given location would depend on the reservoir depth
at that location (fig. 10) and the copper concentration
prior to application. The concentration for a given depth
differs between the reservoirs because of the differences in
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application rates and surface areas of the two reservoirs. The
resulting copper concentration is less in deep parts of the
reservoir because the chemical is diluted more by the greater
water volume, which results from greater depth. If a reservoir
becomes stratified, mixing is limited to the epilimnion, which
decreases the volume for mixing and increases the resulting
concentration. Lee Hall Reservoir, however, generally does
not stratify. After a 3,600-1b application in Lee Hall Reservoir,
the initial concentrations at sites LH1, LH2, and LH3 (fig. 3)
after complete mixing would increase 62, 56, and 75 ug/L,
respectively, because depths typically average 11, 12, and

9 ft, respectively, at these sites. After a 3,500-1b application

in Harwoods Mill Reservoir, the concentration after complete
mixing would increase 62 pg/L without stratification at site
HM1 (fig. 4) where the depth typically is 18 ft. When Har-
woods Mill Reservoir stratifies during the summer to a typical
thermocline depth of 10 ft, the resulting concentration after
complete vertical mixing in the epilimnion would increase
112 ng/L.
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Figure 10. Increase in concentrations of copper at areas of varying depths after complete vertical mixing of

3,600 pounds of copper sulfate applied to Lee Hall Reservoir and 3,500 pounds of copper sulfate applied to Harwoods

Mill Reservoir, Virginia.

Effects of Processes on Water Quality

Thermal and chemical stratification, flow constrictions,
and the locations and amounts of natural flows and pumpage
into and out of the reservoirs combine to affect reservoir circu-
lation and hydraulic retention times. Circulation and hydraulic
retention time are critical factors that control biogeochemical
processes, nutrient speciation, the distribution of nutrients, and
the effects of nutrients on the growth of phytoplankton. Such
effects must be accounted for in selection of sampling sites
and interpretation of data. Circulation through the reservoirs
affects hydraulic retention times and how phosphorus circu-
lates through different parts of the reservoirs. Hydraulic reten-
tion time is important because it affects the rate of flushing of
water and constituents from the reservoir. Stratification affects
the release of dissolved nutrients from settling suspended
particles and bed sediment and the subsequent circulation of
dissolved nutrients into the photic zone (shallow part of the
reservoir where algae photosynthesize).

Circulation and Hydraulic Retention Time

Because of the extreme drought conditions that persisted
in 2002, the salinity and specific conductance of water
pumped from the Chickahominy River increased during the
summer and fortuitously provided a tracer for flow through
the reservoirs. This along with water temperature, pH, and
dissolved-oxygen and chlorophyll concentrations provided a
unique opportunity that greatly assisted in evaluating stratifica-
tion and circulation in each reservoir during the August 8—13,
2002, targeted investigation.

Lee Hall Reservoir

Reservoir depth and causeway crossings are key factors
that affect circulation and stratification in Lee Hall Reservoir.
Similarities in water-quality characteristics among vertical
profiles at site LH2 (figs. 3, 11) are typical of those observed
in other cross sections. Two illustrations depict the differences
between pumped and natural inflow effects among the mid-
points in the cross sections. Figure 12 depicts the water quality
along the flow path between the pumped inflow at site CR1
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and the water-treatment plant at site LH1 (fig. 3). Figure 13
depicts the water quality along the main path of natural inflow
between the upper part of the reservoir (site LH4) and the
water-treatment plant (site LH1, fig. 3).

Vertical temperature profiles throughout Lee Hall
Reservoir in August 2002 indicate a gradual thermal gradient
but no sharp thermocline typical of a thermally stratified
reservoir (figs. 11-13). Water temperature throughout the
reservoir generally ranged from 25 to 31 °C. Vertical dif-
ferences ranged from less than 1.0 °C to about 3.5 °C. The
greatest differences typically were in the upper 2 or 3 ft and
likely resulted from daily heating and cooling. The lack of a
sharp thermocline likely resulted from the shallow depth of
the reservoir (average depth 5.5 ft, table 2), allowing vertical
mixing that minimizes development of a thermal-density
gradient. Vertical thermal profiles were very similar among
all vertical profiles in each cross section. Vertical gradients at
the midpoints of the sections affected by the pumped inflow
have increased temperature and greater gradients toward the
pumped inflow where the depth of the reservoir decreases
(fig. 12). The warmer temperatures likely resulted from a
combination of warmer water being pumped into the reservoir,
greater warming of the shallow waters in the upper part of
the reservoir, and measurement of temperatures at the end
of the day when temperatures were warmer. Vertical thermal
gradients and measured temperatures among the midpoints
affected by natural inflow were similar throughout the
reservoir (fig. 13), likely because drought conditions resulted
in little water flowing naturally into the reservoir and all
measurements were made early in the day.

Vertical gradients in dissolved-oxygen concentrations
and pH were small near the surface but were sharp at depth
in contrast to the gradual temperature gradients (figs. 11-13).
Dissolved-oxygen concentrations ranged from about 7.5 to
10.5 mg/L near the surface to near 0 mg/L in deeper parts of
the reservoir. Peak dissolved-oxygen concentrations were at
depths of 2 to 4 ft rather than at the surface in some vertical
profiles, probably because concentrations were supersatu-
rated (as much as 132 percent of saturation) as a result of
photosynthesis so that dissolved oxygen degassed at the water
surface, particularly during windy parts of the day. The sharp
decrease in dissolved-oxygen concentrations typically began
below depths of 5 to 10 ft. The pH of the water had similar
patterns as the dissolved oxygen, ranging from nearly 8.8 near
the surface to about 6.7 near the bottom. The low dissolved-
oxygen concentration near the reservoir bottom likely resulted
from respiration and decomposition of algae settling into
deeper parts of the reservoir, the decomposition of other
settling organic particles, and the decomposition of organic
material in bed sediment. These processes consume dissolved
oxygen and produce carbon dioxide that forms carbonic acid
and lowers the pH. Dissolved-oxygen concentrations and pH
generally differed little among vertical profiles at all points in
a cross section (fig. 11) compared to the midpoints along the
length of the reservoir (figs. 12, 13). These differences partly
resulted from diurnal changes because of the differences in
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sampling times but primarily resulted from spatial differences
within the reservoir. Diurnal effects on dissolved-oxygen
concentrations and pH are greatest in the photic zone and least
near the bottom.

Although exact conditions differ from year to year, water-
temperature and dissolved-oxygen data for 2003 (Ronald
Harris, City of Newport News, written commun., 2003) show
seasonal changes typical of Lee Hall Reservoir and other shal-
low reservoirs in temperate climates. In January and February
2003, the water temperature was relatively uniform vertically
(fig. 14). Increased vertical gradients in water temperatures
first appeared in March or April as the water began to warm
and continued through September. The vertical temperature
gradient was small from October through December.

Dissolved-oxygen concentrations also changed season-
ally, but unlike water temperature, a sharp decline in the
dissolved-oxygen concentration to near 0 mg/L was present
near the bottom of the reservoir during most of the year.
During summer months, dissolved-oxygen concentrations
decreased as saturation decreased, and the depth of the sharp
decline decreased.

Specific conductance provides a good indicator of circu-
lation in Lee Hall Reservoir. Patterns in specific conductance
generally were similar among the vertical profiles in each
cross section (fig. 11). At midpoints affected by the pumped
inflow, lateral differences and, in some instances, vertical
differences in specific conductance among the midpoints were
appreciable (fig. 12). Specific conductance decreased from
about 475 microsiemens per centimeter at 25 °C (uS/cm) at
site LH(CR)2 to about 300 uS/cm at site LH1 because specific
conductance in the pumped inflow from the Chickahominy
River increased through time. Specific conductance at the
midpoints affected only by natural inflows (sites LH2.7,

LH3, and LH4), however, was consistently near 215 uS/cm
vertically and laterally, showing little mixing with the pumped
inflow (fig. 13). The higher specific conductance near the
surface at site LH2.7 (the site adjacent to the I-64 causeway)
likely resulted from wind-driven circulation of water having
higher specific conductance through the causeway. The narrow
width of the causeway opening likely limited circulation.

The higher specific conductance near the bottom at many
of the sites affected by the pumped inflow (fig. 12) could
result from dissolution of bed sediment but also could indicate
that denser, higher conductance water flowed beneath less
dense, lower conductance water. Flow of the denser water near
the bottom is more likely because the higher specific conduc-
tance was not evident at the sites above the [-64 causeway
(pumpage did not flow into this part of the reservoir) or at
site LH1; bed sediment at these sites likely would contribute
dissolved constituents in similar amounts as sediment at the
other sites. The absence of the higher conductance water at
depth at site LH1 may result from the shallower depth at site
LH1, the causeway constriction that separates site LHI from
the rest of the reservoir, or the rate of flow of water through
the reservoir. The effects of density likely would not extend
above the [-64 causeway because little water flowed from the
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DEPTH, IN FEET

Effects of Processes on Water Quality

0 T T T T T
n [ ] @ <
. ° q -
. . q .
u ° q .
51 » ° q .
u ° S
. . ‘
" ° o
" ° §
! 1 ocT
10 " * M JuLY ]
. o JUNE
FEB n °
JAN . DEC APR NOV  MmAY AUG  SEPT
MAR
15 L L L L L
0 5 10 15 20 25 30
WATER TEMPERATURE, IN DEGREES CELSIUS
T
0CT JUNE NOV FEB
* °
[
L
[NN)
[N
=
)
|_
oo
w
(=]
L L
10

15

Figure 14. Distribution of water temperature and dissolved-oxygen concentration with depth from January through

DISSOLVED-OXYGEN CONCENTRATION, IN MILLIGRAMS PER LITER

December 2003 at site LH1, Lee Hall Reservaoir, Virginia. (Data provided by the City of Newport News.)

31



32 Processes Affecting Phosphorus and Copper in Two Supply Reservoirs, Lower Coastal Plain, Virginia, 2002-2003

pumped inflow into that part of the reservoir. The presence
of higher specific conductance at depth indicates incomplete
vertical mixing of the water. The depth of increased specific
conductance generally coincides with the depth of sharply
decreasing dissolved-oxygen concentrations. Thus, decreased
dissolved-oxygen concentration likely indicates incomplete
vertical mixing.

Chlorophyll concentrations were similar among verti-
cal profiles in each cross section; at site LH2, chlorophyll
concentrations increased from 8.0 to 9.3 pg/L near the surface
to 14.0 to 15.3 pg/L at a depth of 5 to 7 ft then decreased
t0 9.7 to 11.0 pg/L near the bottom (fig. 11). Chlorophyll
concentrations varied among midpoints along the flow of the
pumped inflow but showed similar relative vertical distribu-
tions (fig. 12). Chlorophyll concentrations ranged from 4.4
to 8.8 ug/L near the surface to 9.9 to 18.7 pug/L at maximum
concentration. Chlorophyll concentrations at midpoints in
the part of the reservoir affected only by natural inflows were
similar to each other and greater than those of sites affected
by the pumped inflow (fig. 13). Chlorophyll concentrations
from 14.1 to 17.8 pg/L near the surface to 28.7 to 31.3 pg/L
at maximum concentration in the part of the reservoir affected
only by natural inflow.

Overall, patterns in all field-measured water-quality
characteristics indicate that pumped water flows relatively uni-
formly down the reservoir without the short circuiting of flow
across the reservoir and having little effect on the reservoir
above the constriction formed by the I-64 causeway. Thus, the
water quality above the causeway is primarily influenced by
the natural and not the pumped inflow. Water quality below the
causeway was influenced by both natural and pumped inflows;
the degree of effect of each depends on the hydrologic condi-
tions. The railroad causeway likely restricts flow more than the
[-64 causeway because water passes through the sluice gate to
enter the lower part of the reservoir and would not readily flow
back up the reservoir, even when wind driven. Flow through
the constriction on the Jones Run arm of the reservoir likely is
heavily affected by pumpage into the water-treatment plant.

Effects of evaporation on concentrations of oxygen-18
and deuterium confirm the stratification and circulation
patterns indicated by the vertical profiles of the field-measured
water-quality characteristics (fig. 15). The effects of evapora-
tion on the isotopic composition of Baptist Run were small;
concentrations of both base-flow and stormflow periods form
a local meteoric water line that is parallel to both the global
meteoric water line and the local meteoric water for the
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Chickahominy River basin (Speiran, 2000). The local meteoric
water line for Baptist Run has a deuterium excess of 14.5 per
mil rather than the 13.8 per mil for the Chickahominy River.
The isotopic composition at the intersection of the meteoric
water line and the evaporation line is about that of the ground
water (Speiran, 2000) that discharges to streams in the area

to provide base flow. Evaporation of water from Baptist Run
generally was limited because of the narrow stream channel,
which is in contrast to the wide and shallow channel of the
Chickahominy River.

Because of the dry conditions that prevailed during 2002,
effects of evaporation on the pumped inflow and reservoir
water were appreciable. The isotopic composition at sites LH1
and LH2 were similar to each other, similar near the surface
and the bottom, and similar to the composition of the pumped
inflow during each sampling period. Although the isotopic
composition tended to be similar during each sampling period,
the effects of evaporation increased from mid June to early
October. Evaporation affected the isotopic composition at
site LH3 substantially more than that of any other site, which
confirms the apparent circulation patterns within Lee Hall
Reservoir. Because site LH3 is not influenced by pumped
inflow and conditions were extremely dry, little new water
entered this part of the reservoir during the summer. Thus,
most of the water in this part of the reservoir likely entered
earlier in the year and remained there for extended periods,
resulting in increased evaporation effects. This is reflected in
the similar isotopic compositions of both the surface and bot-
tom samples at site LH3 and demonstrates the greater effects
of evaporation at this site than at any other sites (fig. 15).

The hydraulic retention time of Lee Hall Reservoir
depends on the rate of pumped withdrawal and the relative
contribution of natural and pumped inflows. When natural
inflows are sufficient to supply all of the needed water, water
flows through most of the reservoir. During extreme drought
when natural inflows are minimal and pumped inflow is the
principal source of water, water flows primarily through the
lower part of the reservoir. Thus, hydraulic retention times are
discussed for both the entire reservoir and the lower part of the
reservoir.

If Lee Hall Reservoir were not used for public supply, the
hydraulic retention would average 85 days based on calculated
average natural inflows and median runoff from watersheds
in the Coastal Plain of Virginia (15.2 inches per year, table 2,
Richardson (1994)). Because rates of pumped inflow plus
natural inflows into the reservoir typically do not exceed
withdrawals unless natural inflows alone exceed withdrawals,
withdrawals rates are used to calculate the hydraulic retention
times. When natural inflows exceed withdrawal rates and
water flows over the spillway, hydraulic retention times are
less than identified here. Using the 30 Mgal/d withdrawal
average based on the water-treatment plant capacity, hydraulic
retention time decreases from 85 to 29 days for the entire
reservoir and to 15 days for the lower part. Because average
withdrawal from 2000 through 2003 was less than the average
based on treatment-plant capacity, hydraulic retention time
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averaged 35 days for the entire reservoir and 18 days for the
lower part of the reservoir for that period. Hydraulic retention
time decreased to 21 days for the entire reservoir and 11 days
for the lower reservoir based on peak withdrawals for the
period 2000 through 2003. Peak withdrawal rates typically
occur during dry summer conditions.

Harwoods Mill Reservoir

The depth of Harwoods Mill Reservoir affects the
stratification and circulation of the reservoir. Vertical profiles
of field-measured physical and chemical characteristics in
August 2002 indicate that Harwoods Mill Reservoir thermally
and chemically stratified at similar depths throughout the
reservoir (figs. 16, 17). Like Lee Hall Reservoir, differences
in water-quality characteristics generally are small among
vertical profiles in each cross section similar to those at site
HMI (fig. 16). Differences in vertical profiles among the
midpoints along the length of the reservoir (fig. 17) are greater
than among vertical profiles in the cross sections (fig. 16).
Near and below the thermocline, differences were not as great
in water temperature and dissolved-oxygen concentration.

Vertical temperature profiles indicate a gradual thermal
gradient to a depth of about 12 ft followed by a sharp thermo-
cline from that depth to the bottom of the reservoir where the
depth is greater than 12 ft; the water temperature decreased
as much as 10 °C from 12 ft to the bottom. The thermocline
indicates the presence of thermal stratification and associated
thermal-density gradient. The uniformity of the thermocline
throughout the reservoir beginning at a depth of 12 ft means
that the thermocline extends more than halfway from the
water-treatment plant to the pumped inflow. This is in contrast
to data presented by Hoehn (1985) that indicated the presence
of stratification only at site HM 1. This difference in the
apparent extent likely is a result of Hoehn’s sampling locations
in the lower reservoir; most of Hoehn’s sites were located
near the shore or in arms of the reservoir where the depth was
shallower than in the center. Stratification prevents vertical
mixing of water across the thermocline, forming an upper
well-mixed zone or epilimnion and a lower poorly mixed zone
or hypolimnion. Data collected by the City of Newport News
from 1999 through 2003 (Ronald Harris, City of Newport
News, written commun., 2003) indicate that Harwoods Mill
Reservoir first stratifies between April and June and remains
stratified through September or October, as indicated by
profiles in 2003 that generally reflect typical annual patterns
(fig. 18). The depth of the top of the thermocline varied
seasonally, ranging from 3 to 15 ft during the summer months
of 1999 through 2003.

Vertical dissolved-oxygen profiles from August 2002
indicate a gradual decrease in dissolved-oxygen concentra-
tions from the surface to a depth of 10 ft followed by a
much sharper decrease below that depth until concentrations
approach 0 mg/L (figs. 16, 17). Concentrations near the
surface ranged from about 77 to 107 percent of saturation and
appear to be above saturation as a result of photosynthesis
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Figure 16. Physical characteristics and constituent concentrations with depth at the left bank, left quarter point, midpoint, and
right quarter point of the cross section at site HM1, Harwoods Mill Reservoir, Virginia, August 8, 2002.
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by algae only in profiles measured in the afternoon. Actual
concentrations decreased from about 6 to 8 mg/L near the
surface to about 5 to 7 mg/L at a depth of about 10 ft then
decreased to near 0 mg/L at depths of 12 to 14 ft. A dissolved-
oxygen gradient or chemocline generally formed between
April and June then dissipated in September or October
during 1999 through 2003, as represented by City of Newport
News data for 2003, which are similar to data for the other
years during this period (fig. 18). The depth of the top of the
dissolved-oxygen chemocline typically was near the reservoir
bottom when it formed and decreased to as shallow as about

5 ft in some years during July or August before deepening
and dissipating. The top of near-0-mg/L concentration of
dissolved oxygen ranged in depth from about 8 ft to near the
reservoir bottom. Unlike Lee Hall Reservoir, dissolved-oxygen
concentrations near 0 mg/L did not persist throughout the year
in Harwoods Mill Reservoir.

The presence of the dissolved-oxygen chemocline reflects
the effects of thermal stratification on mixing. The epilimnion
remained oxygenated because of photosynthesis by algae
and aeration at the water surface. The depletion of dissolved
oxygen in the hypolimnion resulted from the barrier to mixing
between the hypolimnion and epilimnion, the respiration and
decomposition of algae, the decomposition of other organic
material in the water column and bed sediment, and the
reduction of minerals such as those containing iron oxides in
the bed sediment. Because of stratification, algae and other
suspended materials can remain suspended as long as they
remain in the epilimnion but begin to settle once they enter the
hypolimnion.

Vertical pH profiles from August 2002 likely reflect a
combination of effects. The pH, in general, was quite similar
among vertical profiles in each cross section (fig. 16) and
varied more among midpoints along the length of the reservoir
(fig. 17). The pH ranged from 7.2 to 7.7 near the surface,
decreased gradually to 7.1 to 7.3 at a depth of 10 ft, decreased
more sharply to lows of 6.8 to 7.1 at a depth of 12 to 14 ft, and
increased to 7.0 to 7.2 toward the bottom. The pH was greatest
near the surface because of photosynthetic uptake of carbon
dioxide by algae near the surface because carbon dioxide
forms carbonic acid. The pH decreased with depth because of
decreased photosynthesis, the respiration of algae that settled
from the photic zone, and decomposition of dead algae and
other organic material that produce carbon dioxide and organic
acids. The increase in pH near the bottom may have resulted
from the dissolution of carbonates, reduction of iron oxides, or
other processes in the bed sediment that cannot be determined
from the available data.

Vertical profiles of specific conductance from August
2002 reflect the effects of higher specific conductance in the
source water from the Chickahominy River and stratification
of Harwoods Mill Reservoir. Specific conductance was similar
among vertical profiles in each cross section (fig. 16). At the
midpoints, however, specific conductance in the epilimnion
decreased from about 575 uS/cm at site HM2.6 to about
250 uS/cm at sites HM 1, HM 1.1, and HM 1.3 (fig. 17). At
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most sites where reservoir depth was greater than about 10 ft,
specific conductance was relatively uniform above 10 ft but
tended to decrease and vary below 10 ft. Specific conductance
was lowest at site HM 1, decreasing to 200 puS/cm. This lower
specific conductance likely reflects the conductance of the
inflows in the spring when the reservoir first stratified and
circulation between the epilimnion and the hypolimnion
became limited. This specific conductance is similar to the
specific conductance of 215 uS/cm at site LH3 in Lee Hall
Reservoir (fig. 13), which also appeared to reflect the effects
of natural inflows in the early part of the year. The depth at
which the specific conductance changed is generally the depth
of the top of the dissolved-oxygen chemocline and not the

top of the thermocline, indicating that the dissolved-oxygen
concentration might be a better indicator of the base of the
epilimnion and mixing zone than the water temperature.

Changes in chlorophyll concentrations at site HM1 were
similar at different points in the cross section, increasing
slightly from near the surface to a small peak at a depth
of about 3 ft then gradually decreasing to a depth of 12 ft
(fig. 16). Concentrations then increased sharply from 7 or
8 ug/L at 12 ft to as much as 77 ug/L at depths of 14 to 15 ft
before decreasing toward the bottom. Except where the
reservoir was shallower than about 8 ft, chlorophyll concentra-
tions showed a similar pattern at the midpoints with little
change at shallow depths and the sharp increase beginning
below depths of 11 to 13 ft (fig. 17). The high chlorophyll
concentrations likely result from a combination of two factors:
the settling of algae from the epilimnion into the hypolimnion
and the presence of green sulfur bacteria. Bacteria and settling
algae in the hypolimnion remain there and could accumulate
before settling as bed sediment because of the thermal density
barrier to mixing. The green sulfur bacteria photosynthesize
in low light by using sulfur in hydrogen sulfide as an
electron donor in the reduction of carbon dioxide as part of
photosynthesis (Wetzel, 1975, p. 274). These bacteria contain
bacteriochlorophylls that would be partly detected by the
chlorophyll probe. The role of these bacteria might be limited
because a sulfide odor generally was not detected in water of
the hypolimnion of Harwoods Mill Reservoir. The activity of
these bacteria, however, could reduce the sulfide concentration
below detectable concentrations.

Oxygen-18 and deuterium concentrations confirm the
stratification and circulation patterns indicated by the vertical
profiles of the water-quality characteristics measured onsite
(fig. 15). In Harwoods Mill Reservoir during the early sum-
mer, the isotopic composition near the surface (site HM1S)
reflected greater evaporation than the composition near the
bottom (site HM1B). The isotopic composition of site HM1S
was similar to that of the pumped inflow (represented by CR1
in figure 15) throughout the period. Harwoods Mill Reservoir
first stratified in May or June, prior to the August sampling;
consequently, less evaporation would have occurred in the
pumped and natural inflows and the water in the reservoir at
the time of stratification than during the summer. After strati-
fication, water in the hypolimnion would remain there, mixing
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little with water subsequently pumped into the reservoir, and
would not evaporate like water in the epilimnion. Water in the
hypolimnion, therefore, would maintain its isotopic signature
from the time stratification was established. Water near the
surface, however, would be replaced by recently pumped
inflow, largely from the Chickahominy River, that increasingly
had undergone evaporation during the summer, as indicated
by the isotopic signature of CR1 (fig. 15) and would undergo
additional evaporation as it flowed through the reservoir. In
late September, as stratification began to break down and
allow vertical mixing, the isotopic composition of sites HM1S
and HM1B converged to an isotopic composition between the
two.

In combining the interpretations of the physical and
chemical characteristics and stable isotopes, Harwoods Mill
Reservoir typically begins to stratify between April and
June and remains stratified until September or October. The
depth of the bottom of the epilimnion varies after the onset
of stratification and may extend to depths of only 5 or 6 ft by
August or September. When the reservoir is stratified, water
in the reservoir primarily flows through the epilimnion to
the water intake where the water is withdrawn for treatment.
The similarity of all physical and chemical characteristics in
the vertical profiles at different points in the cross sections
combined with differences in the physical and chemical char-
acteristics at the midpoints along the length of the reservoir
indicate that water flows through the reservoir (epilimnion
when stratified) as plug flow and does not short circuit through
the reservoir.

Water essentially flows through the entire length of
Harwoods Mill Reservoir regardless of whether pumped or
natural inflows are the primary source of water. Thus, the
hydraulic retention time of the reservoir depends on the rate
of pumped withdrawal and the amount of inflows but not on
the sources of inflows as is the case in Lee Hall Reservoir.
Hydraulic retention time also is affected by stratification. The
effects of stratification depend on the part of the reservoir
volume that forms the epilimnion through which the water
flows. If two thirds of the volume is in the epilimnion, the
hydraulic retention time is two thirds of that of the unstratified
reservoir. Based on information provided by the City of
Newport News (Ronald Harris, City of Newport News, written
commun., 2002), when the epilimnion extends to a depth of
14 ft, 90 percent of the volume of Harwoods Mill Reservoir is
in the epilimnion; when the epilimnion extends to only 10 ft,
75 percent of the reservoir volume is in the epilimnion. When
the epilimnion extends to only 5 ft, as sometimes is observed
during July and August, about 45 percent of the total reservoir
volume is in the epilimnion.

If Harwoods Mill Reservoir were not used for public sup-
ply, the hydraulic retention time of the unstratified reservoir
would average 146 days based on calculated average natural
inflows and median runoff from watersheds in the Coastal
Plain of Virginia (15.5 inches per year, table 2, Richardson,
1994). Because rates of pumped inflow plus natural inflows
into the reservoir typically do not exceed withdrawals unless

natural inflows alone exceed withdrawals, the following
hydraulic retention times were calculated by using withdrawal
rates. When natural inflows exceed withdrawal rates and
water flows over the spillway, hydraulic retention times will
be less than identified here. Using the 20 Mgal/d withdrawal
average based on the water-treatment-plant capacity, hydraulic
retention time decreases from 146 to 42 days for the entire
reservoir. Because average withdrawal was more than the
capacity-based average withdrawal from 2000 through 2003,
hydraulic-retention time averaged 34 days for the reservoir
for that period. Hydraulic retention time decreased to 15 days
for the reservoir based on the peak withdrawals for the period
2000 through 2003. The hydraulic retention time further
decreases to less than 7 days based on peak withdrawal

rates when the reservoir is stratified to a depth of 5 ft, as is
sometimes observed in July and August.

Water Quality

Water-quality data from long-term monitoring by the City
of Newport News combined with the USGS data collected
during this investigation provide additional insight into the
effects of natural and pumped sources, reservoir circulation,
patterns in nutrient species as they may affect algal growth,
and nutrient chemistry. No long-term water-quality data
are available on natural flows into the reservoirs. Although
reservoir processes can alter the quality of water after it enters
the reservoir, inferences about source waters can be made by
comparing the water quality of surface samples at sites LH1
and LH2 with that of site LH3 (an indicator of the quality of
the natural inflow). The water quality of site HM3 is assumed
to be the quality of the pumped inflow for both reservoirs.
Additionally, water-quality data are available from other
studies and from data collected at site BR1.

Selected lons

Data presented on selected ions are important for
different reasons. Sodium and calcium are major cations that
indicate the effects of large changes in water sources and
water chemistry. Iron concentrations are important because
iron oxides can form, bind with phosphorus, and precipitate as
bed sediment. Sulfate is important because low concentrations
appear to limit release of phosphorus from bed sediment
(Caraco and others, 1989).

Total sodium concentrations were similarly low at sites
LHI1S, LH2S, and HM3 (pumped inflow) but differed slightly
from concentrations at site LH3 (Newport News data for all
sites). Median and maximum total sodium concentrations were
higher at sites LH1S, LH2S, and HM3 (median concentra-
tions of 8.0, 8.5, and 8.4 mg/L, respectively, and maximum
concentrations of 76, 73, and 154 mg/L, respectively) than at
site LH3 (median concentration of 5.5 mg/L and maximum
concentration of 27 mg/L, fig. 19; table 8). Concentrations
at site LH3 were on the high side of the 2.4- to 5.9-mg/L
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Figure 19. Concentrations of (A)total sodium, (B)total calcium, and (C)total iron in samples from the pumped inflow (site HM3)
and from the surface at sites LH1, LH2, and LH3, Lee Hall Reservoir, Virginia. (Streamflow in a normal year is 75 to 125 percent
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concentration in five springs discharging from the Cornwallis
Cave aquifer in the Lee Hall Reservoir watershed at Colonial
National Historical Park (Speiran and Hughes, 2001). These
data indicate that although differences are small, total sodium
concentrations are higher in the pumped inflow than in the
natural inflows during 22 of 30 sampling periods. Increased
concentrations of total sodium at sites LH1S, LH2S, and
HM3 periodically can result from movement of salty water
up the Chickahominy River during periods of low freshwater
flow and from the use of salt on roads to melt ice and snow,
particularly in the Chickahominy River watershed (Lynch,
1992). The peak in concentrations at these sites in the late
summer and early fall of 2003 (fig. 19) was from the salty
water in the lower Chickahominy River caused by the drought
conditions.

Data obtained from the City of Newport News indicate
that total calcium concentrations at sites LH1S and LH2S were
similar to each other, concentrations at site LH3 typically were
higher than at sites LH1S and LH2S, and concentrations at
sites LH1S and LH2S typically were higher than those at site
HM3 (fig. 19; table 8), indicating that concentrations were
greater in natural inflows than in the pumped inflow. Median
concentrations at sites LH1S, LH2S, LH3S, and HM3 were
21,22, 32, and 9.1 mg/L, respectively. Concentrations at sites
LHIS and LH2S were closer to those of the pumped inflow
at site HM3 during dry years when pumpage contributed
a greater part of the water and closer to those at site LH3S
during wet years when natural inflows contributed a larger
part of the flow. Concentrations in water from five springs
discharging from the Cornwallis Cave aquifer in the James
River basin at Colonial National Historical Park (Speiran and
Hughes, 2001) were higher (45 to 88 mg/L) than the median
concentration at site LH3S (table 8). Calcium in the natural
inflows likely is derived largely from the effects of shell mate-
rial in the Cornwallis Cave aquifer on ground-water discharge.

Iron data obtained from the City of Newport News
indicate that total iron concentrations typically were greatest
in the pumped inflow (site HM3) and least at site LH3S with
median concentrations of 750 and 290 ug/L, respectively
(fig. 19; table 8). Total iron concentrations in the pumped
inflow were greater than those at sites LHIS and LH2S in 30
of 36 sampling periods in which samples were collected from
all three sites from 2000 through 2003; total iron concentra-
tions were less at site LH3S than at sites LH1S and LH2S
during 28 of 39 sampling periods. Concentrations were higher
at site LH2S (median 500 ug/L) than at site LH1S (median
400 pg/L) during 28 of 39 sampling periods and less during
9 sampling periods from 2000 through 2003 (fig. 19; table 8).
Total iron concentrations at sites LHIS and LH2S were
between those in the pumped inflow and at site LH3S much
of the time, probably as a result of mixing water from the two
sources. The decrease in total iron concentrations from sites
LH2S and LH1S and part of the decrease from the pumped
inflow to site LH2S may be a result of precipitation of iron
oxides as water flows through the reservoir. These iron oxides

can bind dissolved phosphorus in the form of orthophosphate
or organic species in the water column.

Sulfate concentrations in August 2002 were less than
15 mg/L at all Lee Hall Reservoir sites (table 9). Sulfate
concentrations at the surface and bottom in Lee Hall Reservoir
were 3.0 and 2.5 mg/L at site LH3, 8.6 and 9.6 mg/L at site
LH2, and 13.8 and 8.1 mg/L at site LH1. The sulfate concen-
tration was 10.9 mg/L at site LH(CR)1. Concentrations at site
LH3 were slightly less than concentrations in discharge from
five springs in the Beaverdam Creek watershed, which ranged
from 4 to 13 mg/L (median 5.1 mg/L; Speiran and Hughes,
2001). Sulfate concentrations in the pumped inflow and at
sites LH1 and LH2 were consistent with concentrations in
the Chickahominy River from August 1983 through October
1986, which ranged from 2.7 to 25 mg/L (median 9.1 mg/L;
Lynch, 1992). Sulfate concentrations in the Chickahominy
River typically were less than 5 mg/L during warm-weather
months (April-September) and less than 10 mg/L during cold-
weather months. These sulfate concentrations are in the range
identified by Caraco and others (1989) as limiting the release
of phosphorus from bed sediment where the water column is
aerobic (sulfate concentrations less than 9.6 to 28.8 mg/L) and
at times are in the range limiting the release when the water
column is anoxic (sulfate concentrations less than 5.8 mg/L).
Although data are limited, sulfate concentrations likely can
inhibit the release of phosphorus from bed sediment to the
water column in Lee Hall Reservoir when the water column
contains abundant dissolved-oxygen concentrations and can
limit phosphorus release at least part of the time when water
near the bottom of the reservoir is anoxic.

In Harwoods Mill Reservoir, concentrations of total
sodium at sites HM 1S, HM2S, and HM3 (pumped inflow)
tended to be similar during most sampling periods (fig. 20).
Median total sodium concentrations were 7.8, 9.1, and
8.4 mg/L at sites HM1S, HM2S, and HM3, respectively
(table 8). Higher sodium concentrations periodically can
result from movement of salty water up the Chickahominy
River during periods of low freshwater flow and from the
use of salt on roads to melt ice and snow particularly in the
Chickahominy River watershed. Peak concentrations were
30, 110, and 154 mg/L at sites HM 1S, HM2S, and HM3,
respectively (fig. 20; table 8). The highest concentrations were
in the late summer and early fall of 2003 and resulted from
salty water in the lower Chickahominy River because of the
drought conditions.

Total calcium concentrations at sites HM1S and HM2S
typically were higher than those at site HM3 (fig. 20; table 8),
indicating that, as in Lee Hall Reservoir, concentrations in
natural inflows generally are greater than in the pumped
inflow. Median total calcium concentrations at sites HM 1S,
HM2S, and HM3 were 16, 15, and 9.1 mg/L, respectively.
Total calcium concentrations at site HM 1S were greater than
those at site HM2S in 27 of 38 samples collected from 2000
through 2003, which indicates a greater calcium source within
the Harwoods Mill watershed than in water pumped from
outside watersheds. The greater total calcium concentration
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Figure 20. Concentrations of (A)total sodium, (B)total calcium, and (C)total iron in samples from the pumped inflow (site HM3)
and sites HM1S and HM2S, Harwoods Mill Reservoir, Virginia. (Streamflow in a normal year is 75 to 125 percent of the mean
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at station 02042500.) (Data provided by the City of Newport News, Virginia.)



at site HM1S than at site HM2S could result from tributary
inflows or direct spring and diffuse ground-water discharge
through the reservoir bottom between these two sites.

Total iron concentrations in Harwoods Mill Reservoir
tended to be higher in the summer than in the winter in the
pumped inflow (site HM3) and were higher in the pumped
inflow than at sites HM1S and HM2S during 25 of 35
sampling periods (fig. 20). Total iron concentrations were less
at site HM1S than at site HM2S during 32 of 35 sampling
periods. The decreased concentrations from site HM3 to site
HM2S and from site HM2S to site HM1S (table 8) likely
result from precipitation of iron oxides that can bind with
phosphorus as water flows through the reservoir.

Sulfate concentrations in August 2002 were 9.0 and
1.9 mg/L at sites HM1S and HM1B, respectively (table 9).
The concentration at site HM 1B was less than the maximum
concentration of 5.8 mg/L identified by Caraco and others
(1989) as the maximum concentration below which phospho-
rus release is limited in an anoxic water column. Thus, low
sulfate concentrations likely limit the release of phosphorus
from the bed sediment to the water column in Harwoods Mill
Reservoir, when the reservoir is stratified and the hypolimnion
has become anoxic.

Nutrients and Chlorophyll

Concentrations of nutrient species reflect common
relations among most sample-collection sites. Phosphorus
was present predominantly as suspended rather than dissolved
species except in some samples from the hypolimnion of
Harwoods Mill Reservoir (HM1) and the natural inflow
(site BR1), primarily during base flow (fig. 21). Orthophos-
phorus concentrations generally were less than the 0.007-mg/L
MRL in all samples except those from site BR1 (table 9). Sus-
pended phosphorus concentrations were less than 0.67 mg/L,
and dissolved phosphorus concentrations were 0.015 mg/L or
less, except in some samples from sites HM1 and BR1. Both
suspended and dissolved phosphorus concentrations generally
were greater in the natural inflow than in the pumped inflow.

Dissolved phosphorus concentrations in the
natural inflow ranged from 0.012 to 0.060 mg/L (median
of 0.023 mg/L) and in the pumped inflow (site CR1) from
0.005 to 0.022 mg/L (median of 0.007 mg/L). The median
dissolved phosphorus concentration in the natural inflow was
half the 0.046-mg/L. median of samples from the discharge
from five springs in the Lee Hall Reservoir watershed
(concentrations ranged from 0.029 to 0.052 mg/L) (Speiran
and Hughes, 2001). Thus, discharge from springs throughout
the watersheds appears to be a major source of phosphorus to
the reservoirs.

Suspended phosphorus concentrations in the natural
inflow ranged from 0.012 to 0.19 mg/L (median of
0.048 mg/L), and those of the pumped inflow ranged from
0.020 to 0.043 mg/L (median of 0.024 mg/L). Suspended
phosphorus concentrations at site LH3 (0.033 to 0.067 mg/L)
generally were higher than those at the other Lee Hall
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Reservoir sites (0.015 to 0.041 mg/L) (fig. 21), apparently as
a result of the higher phosphorus concentrations in the natural
inflow than in the pumped inflow. The ratio of suspended

to dissolved phosphorus generally ranged from 2:1 to 10:1
except for samples from sites HM1 and BR1. The higher
dissolved phosphorus concentrations at sites HM1 were in
the hypolimnion and likely resulted from the decomposition
of organic material in the water column and(or) bed sediment
and possibly from the release of phosphorus from iron oxides
in the bed sediment under the reducing conditions although
release from iron oxides likely is limited by the low sulfate
concentrations. Stratification of Harwoods Mill Reservoir
precluded water in the hypolimnion from mixing with that of
the epilimnion where algae photosynthesize and use dissolved
phosphorus, resulting in an accumulation of dissolved phos-
phorus in the hypolimnion.

Organic nitrogen was the dominant nitrogen species
except in the hypolimnion of Harwoods Mill Reservoir where
ammonia from the decomposition of organic nitrogen was
the dominant species, as is common in eutrophic reservoirs
(fig. 21). Nitrite plus nitrate concentrations typically were near
the 0.013- to 0.022-mg/L MRL at the reservoir sites. Dissolved
organic nitrogen concentrations typically were similar to or
greater than suspended organic nitrogen concentrations except
in some samples from sites BR1 and LH3 in which suspended
concentrations were greater than dissolved concentrations.
Dissolved and suspended organic nitrogen concentrations, in
the pumped inflow (site CR1) were similar to those at sites
LH1 and LH2 because of the effects of the pumped inflow on
these sites (fig. 21). Dissolved organic nitrogen concentrations
in the natural inflow (site BR1), however, were less than
those at sites LHI and LH2; suspended concentrations at
these sites were similar in most samples but greater in some
storm samples (fig. 21). Although dissolved organic nitrogen
concentrations at site LH3 were similar to the concentrations
at sites LH1 and LH2, suspended organic nitrogen concentra-
tions at site LH3 commonly were greater than those at sites
LH1 and LH2 (fig. 21).

Although phosphorus commonly is the nutrient that
limits the growth of algae in freshwater systems, nitrogen
can limit algal growth in some lakes and reservoirs at certain
times. The ratio of the nitrogen to phosphorus concentrations
(N:P) commonly is determined to identify which nutrient
likely limits algal growth. Generally, if the N:P is greater than
7:1, phosphorus is considered the growth-limiting nutrient
(Wetzel, 1975). The species of nitrogen and phosphorus to
consider, however, often varies. Use of total species includes
all species in the aquatic system, such as species readily
available for use by the algae, species incorporated in the
algal biomass, and species bound in other forms that are not
initially available but ultimately may become available to the
algae. Comparison of total species often is used to evaluate
phosphorus availability over the growing season in lakes and
reservoirs having extended hydraulic retention times (several
months to years) where high springtime inflows are a primary
source of nutrients. Comparison of suspended species includes
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species incorporated in the algal biomass and species bound

in other forms that are not initially available but ultimately
may become available to the algae. Comparison of dissolved
species likely is closest to including species available to algae
for photosynthesis at the time the sample was collected and
likely is a good indicator for the terminal reservoirs because of
the short hydraulic retention times.

In both reservoirs and the pumped inflow (CR1), the
N:P for total species concentrations was greater than 10:1,
which indicates that phosphorus likely is the growth-limiting
nutrient (fig. 22). During stormflow periods in the natural
inflow (site BR1), the total N:P was consistently between 7:1
and 10:1, which also indicates that phosphorus likely is the
growth-limiting nutrient. During some base-flow periods, the
total N:P generally was less than 7:1 in the natural inflow,
which indicates that nitrogen possibly is the growth-limiting
nutrient in the inflow.

Suspended nitrogen and phosphorus provide a slightly
different perspective. The suspended N:P was less than 7:1 in
the natural inflow during both stormflow and base-flow
periods and commonly in the reservoirs when suspended
nitrogen concentrations were less than about 0.2 mg/L
(fig. 22). A similar number of samples from the pumped
inflow (site CR1) and sites LH1, LH2, and HM1 had N:P
above and below 7:1. Site LH3 most consistently had an
N:P greater than 7:1. Because this site receives water almost
entirely from natural inflows and phosphorus concentrations at
this site were similar to the high concentrations in the natural
inflow, nitrogen concentrations appear to be partly derived
from another source, possibly cycling within the reservoir or
nitrogen fixation by blue-green algae. Because this relation
is of suspended nutrient species, the relation represents the
nutrient ratio in the algae plus other suspended particles. If
healthy algae have a N:P of 7:1, the nitrogen concentration of
the other suspended particles at site LH3 would be greater than
that of the samples as a whole.

Dissolved nitrogen and phosphorus provide a perspective
similar to that of the total species. The N:P at the reservoir
sites and in the pumped inflow generally was greater than
20:1, but the N:P of a large number of the samples from
site BR1 (particularly during base flow) was less than 7:1
(fig. 22). The low nitrogen to phosphorus ratio of the natural
inflow results from a combination of low dissolved nitrogen
concentrations and high dissolved phosphorus concentrations
compared with other samples. Much of the dissolved phos-
phorus in the natural inflow appears to be used by algae in the
reservoir and converted to particulate phosphorus, because
the total phosphorus concentrations at site LH3 were similar
to those in the natural inflow but the dissolved phosphorus
concentrations were less. Although the N:P indicates that
nitrogen could be the growth-limiting nutrient in the natural
inflow, phosphorus appears to be the growth-limiting nutrient
in the reservoirs when either suspended or dissolved nutrient
species are considered.
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Vertical Distribution of Nutrients in the Water
Column

Concentrations of many nutrient species in reservoir bot-
tom samples often were greater than those in surface samples.
The vertical distribution of nutrient concentrations can provide
useful information for evaluating whether bed sediment is a
source of nutrients. Consequently, samples were collected at
1- to 2-ft depth intervals on August 12, 2003, at site LHI and
August 11, 2003, at site HM1 because the greatest vertical dif-
ferences in nutrient concentrations occur during the summer.

On August 12, 2003, the vertical temperature difference
at site LH1 was 1.6 °C and the gradient was rather uniform.
Dissolved-oxygen concentrations were similar at depths
from 1 to 3 ft (6.2 and 6.0 mg/L, respectively), and then
they decreased uniformly to 1.4 mg/L at a depth of 11 ft (the
bottom sample, fig. 23). Chlorophyll concentrations increased
slightly from the surface to a peak at 5 ft and then decreased to
a similar concentration (10 pg/L) below that depth.

The vertical distributions in nitrogen concentrations
varied by species. Total nitrogen concentrations were rather
uniform (0.71 to 0.72 mg/L) from the surface to a depth of 7 ft
and then increased to 0.91 mg/L at a depth of 11 ft (fig. 23).
The uniform total nitrogen concentrations to a depth of 7 ft
indicate that changes in concentrations of individual species
likely result from transformation among species. Dissolved
organic nitrogen was the most abundant nitrogen species;
concentrations increased from about 0.38 mg/L at depths of
1 and 3 ft to between 0.45 and 0.48 at depths between 5 and
11 ft. Because of the analytical uncertainty (indicated by the
significant figures), this distribution could be viewed as either
a general increase in concentration from the surface to the
bottom or as a small increase in concentration between depths
of 3 and 5 ft with uniform concentrations above and below
these depths. Suspended organic nitrogen decreased from 0.25
to 0.13 mg/L between depths of 1 and 7 ft and then increased
to 0.20 mg/L near the bottom. Because the increase in dis-
solved organic nitrogen concentrations mirrors the decrease
in the suspended organic nitrogen concentrations, much of
the decrease in suspended organic nitrogen is offset by the
increase in dissolved organic nitrogen; thus, total organic
nitrogen concentrations decrease only slightly from the surface
to a depth of 7 ft (likely close to the analytical uncertainty)
and then increase to the bottom. Ammonia concentrations
increased gradually from 0.059 mg/L near the surface to
0.099 mg/L at a depth of 7 ft and then increased more sharply
to 0.23 mg/L near the bottom. Nitrite plus nitrate concentra-
tions were about 0.030 mg/L at depths of 1 and 3 ft and
decreased from 0.020 mg/L at 5 ft to less than the 0.015-mg/L
MRL at 11 ft. The increase in ammonia concentrations,
suspended organic nitrogen, total organic nitrogen, and total
nitrogen below a depth of 7 ft indicates possible settling and
subsequent decomposition of algae and other particles from
the photic zone (for all nitrogen species), resuspension of bed
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Reservoir (HM1), Virginia, June 2002—July 2003.
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sediment (for all nitrogen species), and(or) contribution by
decomposition in bed sediment (for dissolved species only).

As commonly observed in Lee Hall Reservoir, ortho-
phosphorus concentrations were less than the 0.007-mg/L
MRL, and the total phosphorus was dominated by suspended
phosphorus (fig. 23). Suspended phosphorus concentrations
increased from 0.027 mg/L at a depth of 1 ft to 0.039 mg/L at
a depth of 9 ft and changed little from 9 to 11 ft. Changes in
dissolved phosphorus concentrations were small, and except
for a shift between depths of 3 and 5 ft, vertical differences
likely are close to the analytical uncertainty. Concentrations
increased from 0.006 mg/L at depths of 1 and 3 ft to 0.011
and 0.012 mg/L at depths of 5 and 7 ft, respectively, and then
decreased to 0.010 mg/L at 11 ft. The absence of an upward
gradient of decreasing dissolved phosphorus concentrations in
the deeper part of the reservoir indicates that the bed sediment
may not be an appreciable source of dissolved phosphorus in
Lee Hall Reservoir. The increase in suspended phosphorus to
a depth of 9 ft likely indicates the importance of the settling of
algae and other suspended particles and(or) the resuspension
of bed sediment. Because of the short and narrow shape of
the arm of the reservoir where site LH1 is located (fig. 3), the
constriction by the causeway, and the forest along the north
shore, resuspension at this site is less likely to be a factor.

At sites HM1, a thermocline was evident below a depth
of 14 ft (fig. 24). In contrast, dissolved-oxygen concentrations
were relatively uniform from the surface to a depth of 6 ft
and then decreased sharply to near 0 mg/L at a depth of about
10 ft, which indicates that minimal vertical mixing began
below depths of 6-10 ft, rather than below 14 ft as indicated
by the water temperature. Chlorophyll concentrations were
similar at depths of 1-6 ft, decreased at depths from 6 to 10 ft,
and then increased sharply to a depth of 16 ft before decreas-
ing toward the bottom. This pattern in chlorophyll concentra-
tion is consistent with patterns observed at other times and
likely reflects the accumulation of algae, which settle into the
hypolimnion, or the presence of green sulfur bacteria.

Dissolved organic nitrogen was the dominant nitrogen
species from the surface to a depth of 13 ft below which
ammonia nitrogen was the dominant species. Dissolved
organic nitrogen concentrations showed a small, gradual
increase with depth from 0.38 mg/L near the surface to
0.52 mg/L near the bottom; about two-thirds of the increase
was below a depth of 16 ft. Suspended organic nitrogen had
no distinct vertical pattern and ranged from 0.090 mg/L at a
depth of 8-13 ft to 0.17 mg/L at a depth of 15 ft. Ammonia
concentrations were uniformly less than the 0.015-mg/L
MRL from the surface to a depth of 6 ft; concentrations then
increased uniformly to a depth of 10 ft, and increased more
sharply to 1.29 mg/L near the bottom. Nitrate concentrations
were less than the 0.022-mg/L MRL at all depths except
8 ft where the concentration was 0.027 mg/L. The pattern in
ammonia concentrations appears to reflect the controls of dis-
solved-oxygen concentrations. The interval from the surface
to a depth of 6 ft where ammonia concentration is less than
the MRL also is where the dissolved-oxygen concentrations

remained uniformly the highest within the water column. The
interval from 6 to 10 ft where dissolved-oxygen concentrations
decreased to near 0 mg/L also is the interval where ammonia
concentrations gradually increased. The deeper part of the
reservoir is where dissolved-oxygen concentrations were near
0 mg/L and ammonia concentrations increased most sharply
with depth. Ammonia typically accumulates where dissolved-
oxygen concentrations are low and ammonia that mineralizes
from organic material cannot nitrify to nitrate. The distribution
in ammonia concentrations supports the concept that minimal
mixing likely occurs below a depth of 6-10 ft rather than
below 14 ft. Nitrate that would form by nitrification of
ammonia in the upper 6 ft likely would be used by algae. The
0.27 mg/L of nitrite plus nitrate at a depth of 8 ft appears to

be below the photic zone where little vertical mixing occurs
yet dissolved-oxygen concentrations are sufficient to promote
nitrification; dissolved-oxygen concentrations appear to be too
low for nitrification at greater depths.

Suspended phosphorus was the dominant phosphorus
species from the surface to a depth of 14 ft, below which
dissolved phosphorus was dominant (fig. 24). Changes in
suspended phosphorus concentrations were near analytical
uncertainty above a depth of 12 ft, decreasing from a peak of
0.032 mg/L at a depth of 2 ft to 0.026 mg/L at a depth of 8 ft
and then increasing to 0.032 mg/L at a depth of 12 ft. Con-
centrations then decreased sharply to 0.014 mg/L at a depth of
14 ft and changed little to the bottom. Dissolved phosphorus
concentrations decreased from 0.015 mg/L at a depth of
1 ft to 0.011 mg/L at a depth of 4 ft and then increased to
0.020 mg/L at a depth of 8 ft. Concentrations differed little
between depths of 10 and 15 ft, averaging about 0.015 mg/L,
and then increased sharply to 0.057 mg/L near the bottom.
Except for the 0.009-mg/L orthophosphorus concentration at
a depth of 8 ft, orthophosphorus concentrations were less than
the 0.007-mg/L MRL from the surface to a depth of 15 ft;
concentrations from 10 to 15 ft appear to vary slightly because
values below the MRL were estimated through this interval but
not above it. Because the increased dissolved phosphorus only
extends from a depth of 15 ft to the bottom and dissolved-
oxygen concentrations indicate that the mixing boundary
between the epilimnion and hypolimnion is between 6 and
10 ft, the elevated dissolved phosphorus cannot serve as
a source of phosphorus to algae in the photic zone while
the reservoir is stratified whether it is derived from settling
particles or bed sediment.

Release of Phosphorus from Suspended
Particles

Release of phosphorus from particles suspended in the
water column is a possible source of dissolved phosphorus
for use by algae; this release may be reflected in the vertical
distributions of phosphorus concentrations in the water
column. In samples collected August 11 and 12, 2003, from
sites LH1S, HM1S, and HM1B and subsequently incubated in
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Figure 24. Vertical distributions in (A) physical characteristics, (B) concentrations of nitrogen species, and (C) concentrations
of phosphorus species at site HM1, Harwoods Mill Reservoir, Virginia, August 11, 2003.
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the laboratory, dissolved phosphorus concentrations increased
at rates of 0.0007, 0.0014, and 0.0019 (mg/L)/d, respectively
(fig. 25). At such rates, the dissolved phosphorus concentra-
tion present in the samples for each site at the start of incuba-
tion could be derived by release from suspended particles in

8, 11, and 30 days, respectively. The dissolved phosphorus
concentration in August near the bottom of site HM1 (HM1B)
would represent the dissolved phosphorus derived from all
sources, including that in the water at the time of stratification,
releases from the bed sediment, and release from particles in
the water column since Harwoods Mill Reservoir stratified and
isolated the hypolimnion from the epilimnion in May 2003
(fig. 17). Because the reservoir had been stratified for nearly
90 days when the August samples were collected, release

of phosphorus from particles in the water column at the rate
identified for HM1B could contribute two to three times the
maximum dissolved phosphorus concentration observed at
site HM1 on August 11, 2003.

The dissolved phosphorus concentrations in the HM1B
samples at the end of the first day, however, were substantially
less than the concentration originally measured in the sample
(fig. 25C). This likely resulted from aeration of the sample
(the hypolimnion was anoxic) during sample collection, which
could have oxidized dissolved iron to form poorly crystallized
iron oxide particles that could have bound to the dissolved
phosphorus. Particles appeared to adhere to the sides of the
bottles and could not be entirely resuspended by shaking. This
also would account for the lower total phosphorus after the
start of incubation. Thus, it is not certain if the phosphorus
that dissolved during incubation was from the precipitated
iron oxide particles, the particles originally present in the
sample, or both. Another perspective can be obtained by using
the rate of release of dissolved phosphorus from the HM1S
samples because total phosphorus concentrations at HM1S
were less than those at HM 1B (likely resulting in a slower
release rate), and particles settle from HM1S to HM1B. The
rate of production of dissolved phosphorus in the HM1S
samples was 74 percent of the rate for HM 1B samples, which
would account for the dissolved phosphorus concentration
originally in HM1B samples in 41 days, well within the nearly
90 days the reservoir had been stratified. Thus, the increase
in dissolved phosphorus below 15 ft can be accounted for
largely by release from suspended particles in the water
column. Furthermore, such release would provide a continued
phosphorus source in Lee Hall Reservoir and in the epilimnion
of Harwoods Mill Reservoir while the reservoir is stratified.
Consequently, although phosphorus release from bed sediment
is possible, bed sediment likely is a minor source of phospho-
rus in the two terminal reservoirs. The possible contribution
of phosphorus from bed sediment to the water column will be
discussed further later in this report.

Effects of Copper-Sulfate Application

Because of the extreme drought conditions during the
study of the application of copper sulfate, reservoir inflows
were largely pumped from outside watersheds. Consequently,
pumpage from the reservoirs largely controlled hydraulic
retention times because inflow and outflow were similar when
accounting for evapotranspiration. Additionally, the upper part
of Lee Hall Reservoir was not part of the main circulation in
that reservoir. The control of flow by pumpage, particularly
through Lee Hall Reservoir, helps to evaluate the processes
controlling concentrations of phosphorus, copper, and other
constituents.

Thirty-six hundred pounds of copper sulfate were
applied to Lee Hall Reservoir on September 20, and during
October 9-10, 2002 (Horace Davis, City of Newport, oral
commun., 2002). Pumped inflow rates during that period
ranged from 14.0 to 36.9 Mgal/d and averaged 24.5 Mgal/d;
withdrawal rates during that period ranged from 16.2 to
29.6 Mgal/d and averaged 25.8 Mgal/d (Ronald Harris, City of
Newport News, written commun., 2003). Thus, pumped inflow
averaged 95 percent of the withdrawal. The small difference
between the pumped inflow and withdrawals likely resulted
from the combined effects of natural inflows, changes in
reservoir storage, and evaporation. Natural inflows, however,
likely were more than 5 percent of the withdrawal because
evaporation from the reservoir surface likely was substantial.
Lee Hall Reservoir was not stratified during the study. Accord-
ingly, the hydraulic retention time of the reservoir based on the
withdrawal rate would have averaged 17 days.

Based on average depths of 11 ft at site LH1, 12 ft at site
LH2, and 9 ft at site LH3 during the copper-sulfate application
study, copper concentrations after complete vertical mixing
theoretically would have increased 62, 56, and 75 ug/L,
respectively. Increases in copper concentrations observed dur-
ing the first sample collection following the first application
of copper sulfate likely are less than the maximum increase
because samples were collected 3 days after application. At
site LH1, the total copper concentration (sum of suspended
and dissolved copper concentrations) actually increased
76 ug/L near the surface from 10 pg/L before the first applica-
tion to 86 pg/L 3 days after the application (fig. 26). Near the
bottom, total copper concentrations increased 101 pg/L from
18 ng/L before the first application to 119 pg/L 3 days after
the application. These increases are greater than the 62-ug/L
increase calculated for site LHI1. Approximately 42 percent
of the copper near the surface was suspended, whereas about
70 percent of the copper near the bottom was suspended. The
suspended copper concentration near the bottom was 83 ug/L,
substantially greater than the 36.8 pg/L near the surface.
Concentrations of both suspended and dissolved copper
decreased from September 23 through October 8 to concentra-
tions similar to those before the September 20 application
(fig. 26).
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Figure 25. Changes in total phosphorus and dissolved phosphorus concentrations in samples
collected from (A) site LH1S in Lee Hall Reservoir on August 12, 2003, and (B) site HM1S and
(C) site HM1B in Harwoods Mill Reservoir on August 11, 2003, then incubated in the dark at

25 degrees Celsius. (P_is the regression line phosphorus concentration on August 13, 2003;

P is phosphorus concentration on the designated day after August 13, 2003.)
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Figure 26. Changes in concentrations of (A) copper, (B) chlorophyll, (C) phosphorus, (D)iron, and (E) deuterium during the
copper-sulfate application study, September 17-0ctober 8, 2002, at site LH1, Lee Hall Reservair, Virginia.



At site LH2, the total copper concentration near the
surface increased 85 ug/L from 10 pg/L before the first
application to 95 pg/L 3 days after the application (fig. 27).
Near the bottom, total copper concentrations only increased
35 pg/L from 15 to 50 ug/L during the period. These increases
bracket the 56-ug/L increase calculated for site LH2.
Approximately 40 percent of the copper near the surface was
suspended whereas only 17 percent of the copper near the
bottom was suspended. The suspended copper concentration
near the bottom appears to be somewhat anomalous compared
with data for the other sites and other sampling periods at this
site and, therefore, may be an erroneous value. The suspended
copper concentration near the bottom was only 8.4 ug/L,
substantially less than the 38 ug/L near the surface. Concentra-
tions of both forms of copper (except suspended copper at site
LH2B) decreased from September 23 through October 8 (fig.
27).

At site LH3, the total copper concentration near the sur-
face increased 79 ug/L from 13 ug/L before the first applica-
tion to 92 pg/L 3 days after the application (fig. 28). Near the
bottom, total copper concentrations increased 55 pg/L from
37 ug/L before the first application to 92 ug/L 3 days after
that application. These increases also bracketed the 75-ug/L
increase calculated for site LH3. Approximately 54 percent
of the copper near the surface was suspended, and 61 percent
of the copper near the bottom was suspended. Concentrations
of both suspended and dissolved copper decreased for the
remainder of the copper-sulfate application study.

Throughout the copper-sulfate application study, copper
concentrations remained well below the action levels for
public supplies. Dissolved copper concentrations at all sites,
however, were near the concentrations for both chronic
(6 ng/L) and acute (8 pg/L) toxicity for aquatic life immedi-
ately before the application of copper sulfate and well above
these concentrations after application.

The presence of substantial amounts of suspended
copper, which was applied as a dissolved solution, and higher
suspended copper concentrations in bottom than in surface
samples (except the first sample collected at site LH2 after
copper-sulfate application) indicate that the copper readily
became bound to particles, possibly algae, and then settled
from suspension. The decrease in concentrations of both
species of copper after the increase following application
likely resulted from two processes: settling of the particles
and dilution with natural and newly pumped inflow water
containing little copper. The decrease in copper concentrations
at site LH3 clearly indicates settling because this site was
affected minimally by dilution—natural inflows were small
as a result of the drought conditions, and pumped inflow
minimally affects the site. The effects of settling at site LH1
also were large; dilution likely had little effect until late in the
study because the 17-day hydraulic retention time means that
water entering the reservoir when copper was first applied on
September 20 did not reach site LH1 under plug-flow condi-
tions until about October 7. Part of the decrease in concentra-
tion from September 27 to October 8§ could have resulted
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from dilution, although the observed decrease during this
period was small. Although the temporal patterns in copper
concentrations generally were similar, the relative effects of
settling and dilution at site LH2 are not as clear. Because this
site is closer to the source of pumped inflow, dilution is more
likely to affect concentrations by September 27 at site LH2
than at the other sites.

Chlorophyll concentrations decreased near the surface
and bottom of all three sites in Lee Hall Reservoir after the
first copper-sulfate application but increased again before
the second application (figs. 26-28). Such a decrease in
chlorophyll concentrations is an expected and intended
consequence of the application because of the toxic effects of
copper on algae. Chlorophyll concentrations at site LH3 were
two to four times those at sites LH2 and LH1 throughout the
copper-sulfate application study; chlorophyll concentrations
at site LH1 were similar to those at site LH2. Chlorophyll
concentrations generally were greater near the reservoir
bottom than near the surface at all sites, indicating the effects
of settling of algae, even before copper-sulfate application.
The chlorophyll concentrations immediately before the first
application were greater than the concentrations immediately
before the second application at all three sites. This could
have resulted from seasonal changes in the size or chlorophyll
content of the algal populations with fall approaching or from
differences in factors affecting the decision to apply copper
sulfate. This decision typically is based on the plugging of
water filters in the water-treatment plant, which reduces the
times between when the filters must be backwashed. Materials
other than algae, such as organic material not derived from
algae, can cause such plugging and can trigger the decision to
apply copper sulfate.

Phosphorus concentrations changed substantially less
than copper and chlorophyll concentrations throughout the
duration of the copper-sulfate application study (figs. 26-28).
The expectation was that suspended phosphorus concentra-
tions would decrease as algae die and dissolved phosphorus
concentrations would increase as dead algae decay and release
phosphorus. Such patterns, however, were not clearly evident.
As during other sample-collection periods, phosphorus was
present predominantly as suspended species. Dissolved phos-
phorus concentrations generally were less than 0.01 mg/L and
generally were greater at site LH3 than site LH2 and greater
at site LH2 than site LH1. Concentrations of both species
generally were greater near the bottom than near the surface
at all three sites during the beginning of the study and became
similar at both depths (especially dissolved phosphorus) later
in the copper-sulfate application study. Suspended phosphorus
concentration possibly did not decrease after copper-sulfate
application because a large part of the suspended particles may
be incorporated in nonalgal organic material or remain bound
in algal cells after they die and chlorophyll breaks down, or
become resuspended from bottom sediment.

Iron consisted primarily of suspended iron in Lee Hall
Reservoir except for the samples collected on September
23 at site LH1 (figs. 26-28). When iron concentrations
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Changes in concentrations of (A) copper, (B) chlorophyll, (C) phosphorus, (D)iron, and (E) deuterium during the
copper-sulfate application study, September 17-0ctober 8, 2002, at site LH2, Lee Hall Reservair, Virginia.
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Figure 28. Changes in concentrations of (A) copper, (B) chlorophyll, (C) phosphorus, (D)iron, and (E) deuterium during the
copper-sulfate application study, September 17-October 8, 2002, at site LH3, Lee Hall Reservoir, Virginia.
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differed between the surface and the bottom, suspended iron
concentrations were higher near the bottom, indicating the
effects of settling. The dissolved iron concentrations were
less than 100 pg/L in 10 of 12 samples and were higher in
bottom than in surface samples. Dissolved iron concentrations
increased near the bottom at all sites immediately after the
copper-sulfate application. Although release of dissolved iron
from the bed sediment by the reduction of poorly crystallized
iron oxides would release dissolved phosphorus bound to the
iron oxides, dissolved phosphorus concentrations in bottom
samples increased only at site LH2 and decreased slightly

at sites LH1 and LH3 (figs. 26-28). The low dissolved iron
concentrations and small difference in concentrations between
the bottom and the surface likely indicate little release of
phosphorus bound to iron oxides from the bed sediment.

Deuterium concentrations appeared to be affected
more by evaporation at site LH3 than at sites LHI and LH2
(figs. 26-28) as also is indicated in figure 15. The differences
in deuterium concentrations between surface and bottom
samples were small relative to differences in concentrations
between site LH3 and sites LH1 and LH2.

Thirty-five hundred pounds of copper sulfate were
applied to Harwoods Mill Reservoir on September 19 and
October 8, 2002 (Horace Davis, City of Newport News, oral
commun., 2002). Pumped inflow rates during that period
ranged from 12.0 to 25.0 Mgal/d and averaged 20.2 Mgal/d;
withdrawal rates during that period ranged from 20.9 to
36.9 Mgal/d and averaged 22.8 Mgal/d (Ronald Harris, City
of Newport News, written commun., 2003). Thus, pumped
inflow averaged 89 percent of the withdrawal. The bottom of
the epilimnion based on the dissolved-oxygen profile at site
HM1 would have been between 8 and 12 ft the day before the
first application. Using a depth of 12 ft, the hydraulic retention
time would have averaged 31 days and the copper concentra-
tion would have increased 102 ug/L after complete vertical
mixing in the epilimnion.

At site HM1, the total copper concentration near the
surface increased by 74 pg/L from 23 pg/L before the first
application to 97 pg/L 4 days after application (fig. 29), less
than the calculated 102 pg/L increase. This smaller increase in
part resulted from the settling of copper into the hypolimnion
as indicated by the increase in concentration near the bottom
by 14 pg/L from 19 to 33 ug/L between application and
sample collection. Approximately 48 percent of the copper
near the surface was suspended, whereas about 97 percent near
the bottom was suspended. The distribution of copper between
dissolved and suspended copper and the increase in suspended
copper near the bottom indicate that although the copper was
applied as a dissolved solution, copper binds to particles and
settles from solution. The small change in the dissolved copper
concentration near the bottom after copper-sulfate application
substantiates the effectiveness of stratification in minimizing
circulation between the epilimnion and hypolimnion. Because
the dissolved-copper concentration near the bottom remained
less than 1 pg/L after the initial application (fig. 29) in contrast
to increases noted at sites in Lee Hall Reservoir (figs. 26-28),

copper appears to remain bound to particles in suspension and
in the bed sediment in Harwoods Mill Reservoir.

Throughout the copper-sulfate application study, copper
concentrations remained well below the action levels for
public supplies at both the surface and bottom at site HM1.
Dissolved copper concentrations near the surface at site HM1,
however, were above the concentrations for both chronic
(6 ug/L) and acute (8 pg/L) toxicity for aquatic life throughout
the study. Near the bottom, concentrations were less than
the toxic concentrations except on September 27 when the
concentration equaled the concentration for chronic toxicity.

The slight increase in the dissolved copper concentration
to 6 ug/L near the bottom on September 27 appears to result
partly from the breakdown of thermal stratification indicated
by vertical profiles of water temperature, dissolved-oxygen
concentrations, and deuterium concentrations (fig. 29).

The breakdown of stratification appears to have started by
September 23, based on changes in deuterium concentrations.
Although the depth to which mixing extends in the epilimnion
of Harwoods Mill Reservoir can be difficult to evaluate

when the reservoir is stratified, the shift in deuterium from

a difference of 8.6 per mil between the surface and bottom
prior to application to a concentration of -8.3 per mil at both
depths clearly indicates that the reservoir became mixed by
September 27.

Chlorophyll concentrations at site HM1 decreased
sharply near the bottom and increased near the surface from
before to after the first application of copper sulfate (fig. 29B).
This also appears to result from the initial breakdown of
thermal stratification as the zone of high chlorophyll in
the hypolimnion that began to mix with the epilimnion by
September 23. Chlorophyll concentrations at both depths
then decreased into October and approached the chlorophyll
concentrations observed in the epilimnion when the reservoir
was stratified.

Phosphorus concentrations were dominated by suspended
phosphorus at both the surface and the bottom; suspended
phosphorus concentrations were higher near the bottom than
near the surface, even after the breakdown of stratification,
indicating continued settling of suspended particles (fig. 29C).
Concentrations changed little near the bottom throughout the
study. The increase near the surface and small decrease near
the bottom after the application could result from the onset
of vertical mixing with the breakdown of stratification. The
subsequent decrease near the surface with higher concentra-
tions near the bottom than near the surface likely resulted from
settling as the reservoir continued to vertically mix. Dissolved
phosphorus concentrations were higher near the bottom than
near the surface because dissolved phosphorus accumulated
near the bottom while the reservoir was stratified; dissolved
concentrations became similar at both depths when the reser-
voir mixed after the breakdown of stratification. Accumulation
of dissolved phosphorus near the bottom could have resulted
from the combined release from suspended particles and bed
sediment, but most likely resulted from release from particles
in the water column.
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Figure 29. Changes in concentrations of (A) copper, (B) chlorophyll, (C) phosphorus, (D)iron, and (E) deuterium during the
copper-sulfate application study, September 17-October 8, 2002, at site HM1, Harwoods Mill Reservoir, Virginia.
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Suspended iron concentrations were greater than
dissolved iron concentrations near the surface where the
water contained abundant dissolved oxygen that would have
oxidized the reduced iron and formed iron-oxide particles;
suspended concentrations were substantially higher near the
bottom than near the surface throughout September but were
similar in October (fig. 29D). Dissolved iron concentrations
(not shown) were almost 20,000 pg/L near the bottom as
a result of the reducing conditions during stratification but
decreased through September 27 as stratification broke down
and the water became aerobic.

Settling of Phosphorus as Bed Sediment

Although suspended phosphorus concentrations in the
water column changed little during the copper-sulfate applica-
tion study, settling of suspended phosphorus as bed sediment
is potentially a major process (fig. 30). During the sedimenta-
tion study, particles that settled into the collectors appeared
“light weight and fluffy” and were readily resuspended during
collector retrieval, although the particles were retained in the
collector by the collector top. The greatest variability in the
settling was at sites LH1 and LH3 where only one sample
collector was deployed, and uncontaminated samples were
collected during only two of the three sampling periods. At
site LH2 the difference in settling rate between collection
times was less than at sites LH1 and LH3, but variability
among replicates was substantial. Replicate samples having
the highest settling rates were greater than those having the
lowest settling rate by 118 percent on September 23, 5 percent
on September 27, and 86 percent on October 8. Using the
range in observed settling rates of 0.0017 to 0.16 (mg/L)/d and
the range in suspended phosphorus concentrations observed
during the settling study, all of the suspended phosphorus in
the water column would be expected to settle from the water
column in 2 to 34 days. The actual magnitude of the settling,
however, remains uncertain because of the small number of
samples and the high variability among replicate samples and
among samples collected at different times at the same site.

Bed-Sediment and Interstitial-Water Quality

Bed-sediment and interstitial-water samples were
collected from Lee Hall Reservoir on August 30, 2003; bed-
sediment samples were collected from Harwoods Mill
Reservoir on October 29, 2003. Bed sediment appeared to be
physically similar in both reservoirs in many respects. The
bed sediment present throughout both reservoirs when the
reservoirs were constructed (original bed sediment) was a
light gray, silty clay or clayey silt. Little additional sediment
appeared to have been deposited over the original bed sedi-
ment near the shores of the reservoirs, probably because of the
turbulence created by waves and other currents. Sediment that
was deposited near the shore generally was sandy.

Vertical sediment profiles of deposited sediment also
were similar at most locations at some distance from the
shores in both reservoirs. The uppermost several inches of
sediment consisted of a loose, fluffy, and almost fluid, dark
gray, fine-grained deposit. Although this sediment was loose,
it was more consolidated than the sediment deposited in the
collectors during the phosphorus settling study. Sediment
underlying the upper loose sediment was similar in color to the
upper sediment but was extremely cohesive.

Of all the bed-sediment samples collected, benthic
macroinvertebrates were observed in only two samples from
Lee Hall Reservoir and in no samples from Harwoods Mill
Reservoir during either sample collection or processing. One
site having benthic macroinvertebrates was near the shore at
site LH3 and the other was at site LH(CR)2. The near-shore
sample at site LH3 was collected from a shallow cove where
copper-sulfate application could have been limited. The
LH(CR)2 sample was collected upstream from where copper-
sulfate application appeared to have significant effects because
the area contained abundant algal mats that were present
nowhere else in areas of the reservoir visited. Although
samples of aquatic vascular plants were collected from Lee
Hall Reservoir near site LH3, none of the plants were rooted
to the reservoir bottom. Of the several observed plant clusters,
all were floating and appeared to have been blown by wind
from other parts of the reservoir. No floating or rooted aquatic
plants or algal mats were identified in the parts of Harwoods
Mill Reservoir visited during sediment-sample collection.

The moisture content of the sediment reflects the
difference in sediment consistency. Grab samples from Lee
Hall Reservoir were collected primarily from the uppermost
sediment layer. The moisture content of nine samples of upper
sediment ranged from 29.9 to 85.6 percent with a median of
72.7 percent (table 5). Samples of both the upper fluffy and
the lower cohesive sediment were collected from Harwoods
Mill Reservoir. The moisture content of nine samples of upper
sediment ranged from 58.2 to 89.0 percent with a median of
82.0 percent (table 6). The moisture content of five samples
of the lower sediment ranged from 50.2 to 71.4 percent with
a median of 55.9 percent. Thus, the fluffy upper sediment
generally contained more water than the more cohesive, lower
sediment, which could account for the differences in the
consistency of these sediments.

Phosphate concentrations generally were less in grab
and split-spoon samples of bed sediment from two sites in
the upper part of the arm of Lee Hall Reservoir primarily
affected by natural inflows (sites LH3 and LH4) than in bed
sediment from the lower part of the arm (site LH2.7) and
parts of the reservoir affected by the pumped inflow or both
inflows (fig. 31). Phosphate concentrations from the part of
the reservoir affected only by natural inflows ranged from
0.3 to 3.4 micrograms per gram (ug/g). Only concentrations
in samples from the south shore and near the causeway
(site LH2.7) were greater than 1.6 ug/g. Total phosphate
concentrations in box-core samples from site LH3 decreased
with depth from 3.4 ug/g at the sediment surface (0.5 cm)
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to 2.2 pug/g at a depth of 19 cm (fig. 32A; Note: Depths of
box-core samples are for the centers of the sample intervals.).
Dithionite-extracted phosphate concentrations generally reflect
a similar vertical pattern (except at 4.5 cm) but average less
than 50 percent of the total phosphate in the bed sediment.
Total phosphate concentrations in grab and split-spoon
samples from the parts of the reservoir affected only by the
pumped inflow were consistently the largest of any sections
of Lee Hall Reservoir, ranging from 3.8 to 6.8 pg/g (fig. 31).
Total phosphate concentrations in grab and split-spoon
samples from the parts of the reservoir affected by both
inflows varied substantially, ranging from 0.6 to 6.6 ug/g.
Total phosphate concentrations in box-core samples collected
at site LH1 (fig. 33A) generally were greater (ranging from 3.0
to 4.7 ug/g) than those from the site LH3 box core (fig. 32A).
Concentrations decreased from 0.5 to 1.5 cm, increased to a
peak concentration at 4.5 cm, decreased with depth to 11 cm,
and changed little to 19 cm (fig. 33A). Concentrations in the
box-core samples at site LH1 were less than the 6.6 ug/g in the
grab sample collected at that site (fig. 31), but within the range
of concentrations in grab samples collected in the lower part of
the reservoir. Dithionite-extracted phosphorus concentrations
reflect a similar pattern, except at 5.5 and 7.5 cm and aver-
aged 70 percent of the total phosphorus in the bed sediment
(fig. 33A).
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Concentrations of phosphate and copper in grab and split-spoon samples of bed sediment collected at

Total phosphate concentrations in bed sediment of
Harwoods Mill Reservoir were greater in the fluffy, upper
sediment than in the cohesive, lower sediment where samples
from both layers were collected, except for site HM1.3
near-shore samples and samples at site HM2 (fig. 34). Total
phosphate concentrations in the upper bed sediment decreased
from the upper part of the reservoir (site HM2.6) to site HM?2
where the causeway crosses the reservoir and then increased
down the reservoir to the water-treatment plant except at site
HM1.3. Concentrations in the upper sediment at sites other
than site HM 1.3 ranged from 1.6 pg/g (site HM2) to 8.8 ug/g
(site HM1).

The likelihood that bed sediment contributes appreciable
amounts of phosphorus to the water column is better indicated
by phosphorus concentrations in filtered rather than centri-
fuged samples of interstitial water from box-core samples.
Centrifuged samples likely include colloidal and larger
particles that contain phosphorus and, therefore, would over
represent dissolved phosphorus concentrations that may dif-
fuse through the interstitial water into the water column. The
inability to filter sufficient water so that the first filtrate could
be discarded may introduce uncertainty as to how well the
filtered samples represent actual conditions. Because filtration
was in a nitrogen atmosphere and a substantial concentration
of particles was observed in centrifuged samples, however,
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Figure 32. Vertical distributions of (A) phosphate, (B)iron, and (C) copper concentrations in box-core samples of bed sediment

and interstitial water at site LH3, Lee Hall Reservoir, Virginia, August 2003.

the phosphate concentration of the filtered samples likely
represents dissolved concentrations well.

Phosphate concentrations in both centrifuged and filtered
samples at site LH3 show no distinct vertical gradient through
the full interval of box-core samples (fig. 32A). Although the
phosphate concentration of 1.3 mg/L in the filtered sample
at the sediment surface is about 40-50 times the 0.025-mg/L
median and 0.034-mg/L maximum concentrations (table 9,
converted from phosphorus to phosphate) observed in the
water column, the gradient in dissolved phosphorus is also
downward in the interstitial water of the upper 4 cm of
sediment. This gradient indicates a possible downward flux
of phosphorus from the surface, and phosphorus contribu-
tions to the water column are only from the most recently
deposited sediment. The surface sediment also is susceptible
to resuspension because of its loose characteristics and could
contribute phosphorus when resuspended.

Phosphate concentrations in centrifuged samples of
interstitial water from site LHI generally decreased from
2.5 mg/L at the bottom to 0.85 mg/L at the sediment surface

of the core (fig. 33A). The concentration at the sediment
surface is greater than the 0.018-mg/L median and 0.036-mg/L
maximum concentrations (table 9, converted from phosphorus
to phosphate) measured in samples from the water column

at this site. Phosphate concentrations in filtered samples of
interstitial water had no clear vertical pattern, ranging from
0.003 mg/L at 8.5 cm to 1.5 mg/L at 5.5 cm. The concentra-
tion in the surface interval was 0.142 mg/L, greater than the
median and maximum concentrations measured in the water
column. The concentration in the second 1-cm interval was
only 0.023 mg/L, near the median concentration observed in
the water column. Thus, although no distinct gradient was
present throughout the core, concentrations at the sediment
surface were higher than in the water column and higher

than in the next deeper sample, indicating that the greatest
source of phosphorus from the bed sediment likely is the most
recently deposited sediment; a flux from deeper sediment is
not indicated. The indication that the bed sediment at sites
LH1 and LH3 is not a likely major source of phosphorus to
the water column is consistent with laboratory results of the



66 Processes Affecting Phosphorus and Copper in Two Supply Reservoirs, Lower Coastal Plain, Virginia, 2002-2003

. (A) (B) (C)
_,,A' - ; - -
& A
A A
= A X
o ; \
de 5 2 &
e 11 4 A |
<5 \ I
z= L S
== i
=2 L4
2 s
— A N
%‘-‘5 10 1+ , |
i A 4
S < |
> | !
TR i I
E= A A
ww H ]
i § i |
c 2 i
o= 15 1 r A A 1
= ; !
& P
a A A
/ |
: |
A A
2 . . . . .
0 2 4 6 0 20 40 60 80 0 2 4 6 8

PHOSPHATE CONCENTRATION, IN
MICROGRAMS PER GRAM (BED SEDIMENT)
AND MILLIGRAMS PER LITER
(INTERSTITIAL WATER)

IRON CONCENTRATION, IN MILLIGRAMS
PER GRAM (BED SEDIMENT) AND
MILLIGRAMS PER LITER

(INTERSTITIAL WATER)

COPPER CONCENTRATION, IN
MILLIGRAMS PER GRAM (BED SEDIMENT)
AND MILLIGRAMS PER LITER
(INTERSTITIAL WATER)

EXPLANATION

—=&— TOTAL EXTRACTED FROM BED SEDIMENT
—=&— DITHIONITE EXTRACTED FROM BED SEDIMENT
----- 4----- FILTERED INTERSTITIAL WATER

S A - -

CENTRIFUGED INTERSTITIAL WATER

Figure 33. Vertical distributions of (A) phosphate, (B)iron, and (C) copper concentrations in box-core samples of bed sediment
and interstitial water at site LH1, Lee Hall Reservoir, Virginia, August 2003.

studies of the contribution of dissolved phosphorus from
suspended particles in the water column.

Although phosphate concentrations in the bed sediment
from box-core samples collected from site LH3 decreased
with depth, total iron concentrations in the bed sediment were
rather uniform with depth, ranging from 48 to 51 milligrams
per gram (mg/g) except for the anomalous 62 mg/g at 13 cm
(fig. 32B). Similarly, the dithionite-extracted iron concentra-
tions generally were uniform, ranging from 17 to 23 mg/g. The
dithionite-extracted iron concentrations averaged 39 percent
of the total iron concentrations in the bed sediment. The
centrifuged and filtered iron concentrations in interstitial water
from site LH3 exhibited some variability but generally had no
distinct vertical trend. The highest filtered iron concentration
was at the sediment surface (fig. 32B).

Total iron concentrations in sediment from the site LH1
box core reflect a pattern similar to that of the total phosphorus
in the upper part of the core but differed slightly in the lower
part of the core (fig. 33B). Concentrations decreased between
0.5 and 1.5 cm then increased to a peak of 72 mg/g at 4.5 cm.

Total iron concentrations decreased to 61 mg/g at 11 cm, then
unlike total phosphorus concentrations that changed little
below 11 cm, decreased at a lower rate to 53 mg/g at the bot-
tom of the core (19 cm). Concentrations of dithionite-extracted
iron averaged 49 percent of the total iron concentrations and
had a pattern similar to that of total phosphate concentrations.
Concentrations of dithionite-extracted iron increased to a peak
of 44 mg/g at 4.5 cm, decreased to 25 mg/g at 9.5 cm, and
then changed little to the bottom, ranging from 24 to 27 mg/g.
Concentrations of centrifuged and filtered iron concentrations
in the interstitial water at site LH1 had no clear vertical trend.
The highest filtered iron concentration was at the sediment
surface.

A large part of the phosphorus in bed sediment appears
to be bound to poorly crystallized iron oxides as indicated by
the relation between dithionite-extracted phosphorus and iron
concentrations (fig. 35). The relation for grab and box-core
samples combined (R?= 0.77) is better than that for only
box-core samples from site LH3 (R?= 0.14) and site LH1
(R?=0.18) but weaker than for only grab samples from Lee
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Figure 34. Concentrations of phosphate and copper in grab and split-spoon samples of bed sediment collected

Figure 35. Dithionite-extracted iron and phosphate concentrations in grab and box-core samples of bed

sediment collected from Lee Hall (LH) and Harwoods Mill (HM) Reservoirs, Virginia.
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Hall Reservoir (R?= 0.94) and Harwoods Mill Reservoir
(R?>=0.92). The weak relation for the box cores likely results
from vertical heterogeneities or reduction of iron and release
of phosphorus. The ratio of dithionite-extracted phosphorus
to iron concentrations was approximately 0.0001 (fig. 35).
If bed sediment were a major source of phosphorus to the
water column, the ratio of dissolved phosphorus to dissolved
iron concentrations in samples collected from site HM 1B
where dissolved constituents released from the bed sediment
accumulate when the reservoir is stratified would be similar
to this ratio. During the copper-sulfate application study,
dissolved phosphorus concentrations were 0.043 and 0.060
mg/L as PO 4‘3in samples collected from site HM 1B on
September 17 and 23, 2002, respectively (fig. 28C). Dissolved
iron concentrations were 19.8 and 2.09 mg/L in these samples
on these dates, respectively (fig. 28D). Thus, the ratios of
dissolved phosphorus to iron concentrations were 0.002 and
0.028 on these dates, respectively. Dissolved phosphorus
concentrations, therefore, were about 20 and 290 times what
concentrations would have been on these dates if dissolved
phosphorus were derived entirely from reduction of poorly
crystallized iron oxides in the bed sediment. This provides
strong support for a source other than bed sediment being the
major source of phosphorus to the water column. Although
much of the phosphorus in the bed sediment appears to be
bound to iron oxides, one reason that the phosphorus contribu-
tion from bed sediment to the water column may be limited
could be the effects of low sulfate concentrations noted by
Caraco and others (1989).

Copper concentrations in grab and split-spoon samples
of bed sediment from Lee Hall Reservoir ranged from 0.56
to 6.7 mg/g and varied substantially in the different parts of
the reservoir (fig. 31). Hanson and Stefan (1984) observed
lower concentrations in five lakes in Minnesota to which
copper sulfate had been applied for up to 58 years. Minimum,
maximum, and mean copper concentration ranges were 0.093
to 0.370 mg/g, 0.173 to 1.593 mg/g, and 0.162 to 0.943 mg/g,
respectively, for the five lakes. Thus, copper concentrations
measured in many of the samples from Lee Hall Reservoir
were greater than the maximum concentrations observed by
Hanson and Stefan (1984).

Copper concentrations in the part of Lee Hall Reservoir
affected only by the natural inflow ranged from 0.56 to
6.2 mg/g (fig. 31). Concentrations in the box-core samples
collected at site LH3 generally decreased with depth from
6.2 mg/g at 1.5 cm to 4.8 mg/g at 19 cm (fig. 32C). This
decrease in concentration with depth was similar to the pattern
in total phosphorus but differed from the uniform total iron
concentration. Dithionite-extracted copper generally was
0.2 mg/g or less because copper typically is not bound to
poorly crystallized iron oxides. Copper concentrations in
filtered pore water from this core were consistently below the
detection level, substantiating that copper that binds to bed
sediment remains bound in bed sediment and is not released
to the water column as also noted in samples from the hypo-

limnion of Harwoods Mill Reservoir during the copper-sulfate
application study.

Copper concentrations in grab and split-spoon samples
of bed sediment from the part of the reservoir affected only
by the pumped inflow increased in the direction of flow from
0.61 to 4.9 mg/g (fig. 31). This is consistent with the flushing
of water containing copper from the upper part of the reservoir
as water is pumped into the reservoir. Copper concentrations
in grab and split-spoon samples of bed sediment from the part
of the reservoir affected by both natural and pumped sources
of water varied substantially, ranging from 0.67 to 6.7 mg/g.
Although the highest concentrations are at both ends of this
segment of the reservoir, this is not necessarily indicative of
a spatial pattern because of uncertainty of the effects of the
mixing of water from the natural and pumped sources, the
causeways, and other factors.

Total copper concentrations in box-core samples
collected at site LHI may reflect changes in annual
copper-sulfate application rates. Concentrations increased
from 3.5 mg/g at the surface to 6.0 mg/g at 4.5 cm (fig. 33C).
Concentrations changed little between 4.5 and 6.5 cm and
then decreased sharply to 3.2 mg/g at 11 cm. Total copper
concentrations decreased gradually from that depth to
2.4 mg/g at the bottom of the box core. The increase in copper
concentration to 4.5 cm is consistent with the higher annual
copper-sulfate application rates back to at least 1994 (fig. 9).
Dithionite-extracted copper generally was 0.2 mg/g or less
because copper typically is not bound to poorly crystallized
iron oxides. Copper concentrations in filtered pore water from
this core also were consistently below the 0.2-mg/L detection
level, again indicating that copper remains bound to the bed
sediment and is not released to the water column.

Total copper concentrations in the bed sediment of Har-
woods Mill Reservoir also varied, ranging from 0.50 mg/g in
a near-shore area at site HM1.3 to 7.5 mg/g in the upper sedi-
ment at site HM1 (fig. 34). The consistently lowest concentra-
tions were in the upper part of the reservoir (sites HM2.4 and
HM2.6). Water at these sites would be the first to flush into
lower parts of the reservoir after application of copper sulfate,
providing less opportunity for copper to settle from suspen-
sion. The highest concentrations were in sediment on both
sides of the causeway that crosses the reservoir (sites HM1.9
and HM?2) and in the lower part of the reservoir (sites HM 1
and HM1.2). Although the profile studies indicated plug flow
throughout the reservoir, the sample-collection sites on both
sides of the causeway were away from the pipe that transmits
water under the causeway. Thus, circulation patterns resulting
from the causeway may retain water containing copper in parts
of the reservoir around the causeway for longer periods than in
open-water parts of the reservoir, or the causeway may shelter
the reservoir from wind and allow particles to more readily
settle from suspension. Water containing copper would flush
last from the lower parts of the reservoir.

Combined results of the studies of the application of
copper sulfate, bed-sediment quality, and interstitial-water
quality indicate that much of the copper applied to the



reservoirs settles from the water column into the bed sedi-
ment and appears to remain immobilized in the sediment.
Consequently, it is not likely that copper from reservoir bed
sediment substantially affects the quality of the raw water
withdrawn for public supply or downstream receiving waters
unless the sediment becomes resuspended. Conversely, effects
that copper in the bed sediment may have on benthic organ-
isms and rooted aquatic plants will continue and only become
mitigated as sediment containing little copper is deposited
over copper-containing sediment. The presence of copper in
bed sediment could account for the limited presence of benthic
macroinvertebrates in the bed sediment.

Implications for Alternative
Management Strategies

Management strategies for reservoirs such as Lee
Hall and Harwoods Mill Reservoirs depend on the nutrient
that limits algal growth, the sources of the nutrient, and
the processes that control its availability. The nitrogen-to-
phosphorus ratios of total and dissolved species indicate that
phosphorus most likely is the growth-limiting nutrient in the
reservoirs (fig. 22). Consequently, knowledge of major sources
and processes affecting phosphorus availability to algae is
essential in managing the reservoirs for the control of algal
growth. Although knowledge of annual phosphorus loads from
different sources can be useful in reservoir management, late
summer and early fall typically are the most critical times.
Typically, late summer and early fall are when algal growth
rates generally are the greatest (indicated by copper-sulfate
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application intervals, fig. 8), Harwoods Mill Reservoir strati-
fies (figs. 16—-18), and water demand is the greatest, thereby
reducing hydraulic retention times.

Phosphorus loads to the reservoirs depend heavily on
both the natural and pumped inflows as indicated by flow
rates and calculated loads for the natural inflows, the pumped
inflows, and raw-water withdrawals for Lee Hall Reservoir
in 2002 (an extremely dry year) and 2003 (an extremely wet
year; table 10). Pumped inflows and raw-water withdrawals
were greater in 2002 than in 2003, whereas natural inflows
were greater in 2003 than in 2002. Flow rates and possibly
loads during these 2 years were among the most extreme that
can be expected, based on current withdrawal rates because of
the extreme hydrologic conditions.

The sum of the natural and pumped inflows was greater
than the raw-water withdrawals during both years (table 10).
This difference likely resulted from evaporation, leakage
through the dams, and flow over the spillway. The smaller
difference during 2002 likely resulted primarily from evapora-
tion because little water flowed over the spillway. Much of
the difference in 2003 likely was water that flowed over the
spillway during extremely wet periods, particularly in the fall
when several large storms, including Hurricane Isabel, passed
through the area.

Hydrologic conditions partly determine which type of
inflow is the major source of phosphorus to the reservoirs.
The annual phosphorus load from the pumped inflow was
about 2,390 Ib, whereas the annual load from the natural
inflows (using phosphorus concentrations at site LH3) was
only about 600 1b during 2002. Thus, the pumped inflow
contributed about 80 percent of the phosphorus during the dry
year. Although the pumped inflow appears to be the greater

Table 10. Calculated loads of phosphorus to Lee Hall Reservoir through the pumped inflow and natural inflows and
loads pumped from the reservoir in raw-water withdrawals during 2002 and 2003.

[Flow rates for pumped inflow and raw-water widrawal from Ronald Harris, City of Newport News, written commun., 2004; —, no data]
Flow rate Phosphorus Phosphorus load
Flow category Million Fraction of concentration. Pounds Pounds Grams per
gallons total inflow mllllgrams her er da eryear  -luare meter
per day liter per day pery per year
2002 (Dry year)
Pumped inflow 22.4 0.81 0.035 6.54 2,390 0.54
Natural inflow 53 .19 .037 1.64 600 .14
Sum of inflows 27.7 1.00 — 8.18 2,990 .68
Raw-water withdrawal 26.2 95 .018 3.94 1,440 .33
2003 (Wet year)
Pumped inflow 11.4 0.33 0.047 4.47 1,630 0.37
Natural inflow 224 .66 .020 3.74 1,370 31
Sum of inflows 33.8 1.00 — 8.21 3,000 .68
Raw-water withdrawal 239 71 .027 5.39 1,970 45
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source of phosphorus during dry years, natural inflows can be
a significant and possibly major source during wet years.

During 2003, the pumped inflow contributed about
1,630 Ib of phosphorus, whereas the natural inflows contrib-
uted about 1,370 1b of phosphorus, using the median total
phosphorus concentration of 0.020 mg/L at site LH3 for that
year (Ronald Harris, City of Newport News, written commun.,
2004). At a concentration of only 0.024 mg/L, phosphorus
loads from the natural inflows would equal those from the
pumped inflow. Phosphorus concentrations during base flow
and stormflow at site BR1 were consistently above 0.024 mg/L
(fig. 22), and likely were greater than the phosphorus
concentrations of natural flows entering the reservoir because
much of the stream between site BR1 and the reservoir has a
lower slope than at site BR1; therefore, part of the suspended
phosphorus likely settles before entering the reservoir. It is
possible, however, that median concentrations in the natural
inflows entering the reservoir were greater than 0.024 mg/L.
Consequently, natural inflows would have been the dominant
source of phosphorus during 2003.

Relations during wet and dry years could further translate
into short-term and seasonal flow relations. During periods of
high natural inflows that commonly occur in late winter and
early spring, natural inflows likely are the major source of
phosphorus to the reservoirs (figs. 6, 7). During periods of low
natural inflow that commonly occur during summer and early
fall, pumped inflow likely is the major source of phosphorus.
Because of the short hydraulic retention times of the reser-
voirs, much of the phosphorus from either source flushes from
the reservoirs in a short time, commonly less than a month,
which results in a seasonal variability in the major source of
phosphorus. The short hydraulic retention times and seasonal
variability in sources requires management of both sources of
phosphorus to the terminal reservoirs.

The higher loads in the combined sum of the natural and
pumped inflows compared with the loads in the raw-water
withdrawals (table 10) likely resulted from phosphorus that
settled to the bed sediment or flowed over the spillway. Most
of the 1,550-1b difference in 2002 likely was phosphorus that
settled as bed sediment, because little water likely flowed over
the spillway. A larger part of the 1,030-1b difference in 2003
likely flowed over the spillway because of the extremely wet
conditions. If actual concentrations in the natural inflows are
greater than 0.020 mg/L, flow of phosphorus over the spillway
could be substantially greater.

Understanding the trophic state of reservoirs commonly
is considered key to management of reservoirs and can
be viewed in different ways. Because the normal trophic
classification of reservoirs is extremely subjective, the use
of Carlson’s (1977) trophic state index (TSI) provides a
more objective assessment of the tropic state of Lee Hall and
Harwoods Mill Reservoirs. The average monthly TSI for total
phosphorus (TP) for 2000 through 2003 was 4455 at site
LH2, 47-59 at site LH3 and 47-55 at site HM1 (Ronald Har-
ris, City of Newport News, written commun., 2004). The TSI
for chlorophyll a was 36-68 at site LH2, 3457 at site LH3,

and 40-51 at site HM 1. The TSI for chlorophyll at Lee Hall
and Harwoods Mill Reservoirs shows the season fluctuations
identified by Carlson (1977) but likely are lower than would
naturally occur because of the application of copper sulfate.
Carlson (1977) reported similar or higher values, averaging in
the mid-50s to about 70 for three lakes in Minnesota.

Another perspective for evaluating the trophic state of
reservoirs is phosphorus loads. Total phosphorus loads were
0.68 grams per square meter per year (g/m?)/y) and exceeded
both the permissible load of 0.07 (g/m?)/y and the dangerous
load of 0.13 (g/m?)/y for a lake having a depth of 16.4 ft
(5 meters) as classified by Wetzel (1975).

Comparison of total phosphorus and chlorophyll-a con-
centrations to the proposed criteria for reservoirs in Virginia
(Virginia Department of Environmental Quality, 2006) reveals
that median concentrations from April through October for
2000 through 2003 (Ronald Harris, City of Newport News,
written commun., 2004) are below the 0.040-mg/L median
criterion for total phosphorus and the 25-ug/LL median criterion
for chlorophyll a. All monthly chlorophyll-a concentrations
were less than the median 25-ug/L criterion, much less below
the 60-ug/L, 90™-percentile criterion.

Comparison of the water quality of Lee Hall and
Harwoods Mill Reservoirs to trophic indices, loads, or
concentrations can be of somewhat questionable value,
however, because of the effects of the pumped inflows, the
short hydraulic retention times, and the application of copper
sulfate. Although overall concentrations of phosphorus may
be considered low, the pumped inflows cause high phosphorus
loads (both dissolved and suspended) to the reservoirs. The
high dissolved phosphorus loads likely are available to algae
for photosynthesis. The high suspended phosphorus loads,
however, likely are of limited availability to algae for photo-
synthesis because the short hydraulic retention times flush the
phosphorus from the reservoirs, partly mitigating the effects
of high loads. The use of chlorophyll a is of limited value
because the application of copper sulfate alters the biological
response in the reservoirs, likely preventing chlorophyll a from
increasing in concentrations that may otherwise be achieved
(Carlson, 1977; Virginia Department of Environmental
Quality, 2006).

Although phosphorus in bed sediment is a possible source
of phosphorus to the water column, data from a combination
of interstitial-water, bed-sediment, and water-column samples
collectively indicate that the bed sediment likely is only a
limited source of phosphorus to the overlying water column in
the reservoirs. Water-column data appear to provide the best
indication of this. The strongest case is provided by data from
the detailed, vertical nutrient distribution studies of August
2003 combined with the laboratory studies of phosphorus
release and the copper-sulfate application studies of September
2002, particularly for Harwoods Mill Reservoir. Stratification
during the detailed vertical distribution study appeared to limit
vertical mixing of water in the epilimnion to depths above 6 to
10 ft, and dissolved phosphorus concentrations only increased
vertically below a depth of 15 ft (fig. 24). Thus, phosphorus



would not diffuse from the hypolimnion to the epilimnion,
and the hypolimnion would only be a source of phosphorus

to the epilimnion upon the breakdown of stratification in the
fall. Furthermore, the laboratory studies of phosphorus-release
rates demonstrate that the peak phosphorus concentrations in
the hypolimnion could be achieved by the release of phospho-
rus from particles in the water column within 30 to 40 days

of stratification. This elevated concentration could have been
attained easily in the nearly 90 days the reservoir was strati-
fied. It is not likely that bed sediment also contributed signifi-
cant amounts of phosphorus to the water column because of
the absence of an upwardly decreasing gradient in phosphorus
concentrations in the interstitial water of box cores from sites
LH1 and LH3 (figs. 33 and 32, respectively). Additionally, the
relations between the dithionite-extracted iron and phosphorus
concentrations indicate that a large part of the phosphorus

in bed sediment is bound by poorly crystallized iron oxides
(fig. 35). This is a particularly important relation because

it is so strong for the grab samples (R>= 0.94 for Lee Hall
Reservoir and R?= 0.92 for Harwoods Mill Reservoir), which
consisted of the near-surface sediment that would release
phosphorus to the water column. The ratio of dissolved
phosphorus to iron concentrations in samples from site HM 1B,
where phosphorus and iron released from the bed sediment
accumulate, would be similar to the approximately 0.0001
ratio of the dithionite-extracted concentrations in the bed
sediment if bed sediment were the main phosphorus source.
The ratios observed in samples from site HM 1B during the
first part of the copper-sulfate application study, however,

are about 20 to 290 times the ratio in the bed sediment and
strongly indicate that a source other than bed sediment likely
is the major source of phosphorus to the water column.

The anoxic conditions in the hypolimnion of Harwoods
Mill Reservoir likely reduce the ferric iron in the iron oxides
so that greater amounts of phosphorus are released from bed
sediment in Harwoods Mill Reservoir than from bed sediment
in Lee Hall Reservoir. It is unlikely that more phosphorus will
release from bed sediment in Lee Hall Reservoir because low
dissolved-oxygen concentrations are less persistent in Lee Hall
Reservoir. Although the reason little phosphorus is released
from the bottom sediment is uncertain, low sulfate concentra-
tions in the water column may limit the release as cited by
Caraco and others (1989).

The release of dissolved phosphorus from particles
suspended in the water column, although an important process,
is not the original source of phosphorus to the reservoirs.
Phosphorus in these particles enters the reservoir through
the natural and pumped inflows and then flows through the
reservoirs to where it is withdrawn. Thus, control of phospho-
rus in these two sources likely is the best method to control the
release of phosphorus from suspended particles.

Yet another consideration for reservoir management is
the fate of copper applied to the reservoirs. As indicated by the
study of the effects of copper-sulfate application, much of the
copper appears to readily bind to particles (probably algae and
other organic material) and settle from suspension (figs. 26—
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30). The effectiveness of the binding and settling is evident in
the copper concentrations in the bed sediment and interstitial
water. Copper concentrations in the bed sediment ranged
from 0.50 to 7.5 mg/g (figs. 31-34), generally higher than the
0.173- to 1.593-mg/g maximum concentrations observed by
Hanson and Stefan (1984) in five lakes in Minnesota to which
copper sulfate had been applied for up to 58 years. In contrast,
copper concentrations in interstitial water from box-cores
samples from sites LH1 and LH3 were near the detection
level, indicating that copper strongly binds to organic particles
and is not released into the water. Thus, release of copper into
the water supply and downstream environment is not likely.
The absence of macroinvertebrates and rooted aquatic vegeta-
tion, however, indicates possible toxic effects of the copper

in the bed sediment that could affect the success of certain
management alternatives in the reservoirs.

Management options will have different rates of success,
costs, and environmental consequences. Options can control
the growth of algae directly or control phosphorus availability
in the reservoirs. Algal growth can be controlled directly by
the application of algicides, which can include application
of copper sulfate at lower rates than currently used or use of
alternative algicides. The effectiveness and environmental
consequences of either is uncertain. Because the reservoirs
have short hydraulic retention times and release of dissolved
phosphorus from suspended particles appears to be a greater
pathway for recycling phosphorus into the water column than
release from bed sediment, the continuous flow of water from
natural and pumped sources ultimately appears to be the main
sources of phosphorus to algae in the terminal reservoirs.
Consequently, practices that control phosphorus in the natural
and pumped inflow sources and not practices that sequester
phosphorus in the bed sediment, such as application of alum
or nitrate, likely will provide the most successful control of
algal growth in the terminal reservoirs. Phosphorus in the
pumped inflows not only can be managed by using the same
practices as those used for the natural inflows but also by
using additional practices. Water from outside watersheds can
be pumped directly to the water-treatment plants to bypass
the terminal reservoirs or be routed through Little Creek and
Diascund Creek Reservoirs (fig. 1) to remove part of the
phosphorus, as identified by Lynch (1992). These practices,
however, cannot be used to manage phosphorus in the natural
inflows. Control of phosphorus in natural inflows likely will
be needed in the upper parts of the reservoirs because much
of the phosphorus in the natural inflows appears to be derived
from natural, nonpoint sources. Part of this control can be
through re-establishing and enhancing natural biogeochemical
processes, such as promoting benthic algae and rooted aquatic
vegetation. Residual copper in the bed sediment, however, can
inhibit such processes because of the large concentrations and
persistence of the copper in the bed sediment, except in the
uppermost parts of the reservoirs where little copper sulfate
was applied.

These implications for alternative management strate-
gies, although directed toward Lee Hall and Harwoods Mill
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Reservoirs, have important implications for many other lakes
and reservoirs across the Nation. This is particularly true for
other small lakes and reservoirs, especially those in which
pumpage appreciably affects the hydraulic retention times.

In such reservoirs, pumpage from outside sources can have

a continuing effect on phosphorus loads and algal growth.
Although the literature commonly cites recycling of phospho-
rus from bed sediments as a source of phosphorus to lakes

and reservoirs, the limited recycling of phosphorus from bed
sediments observed in Lee Hall and Harwoods Mill Reservoirs
can be important in small and large reservoirs and lakes alike.
The observed accumulation of copper in the bed sediments
and the limited release of copper from the bed sediments likely
are similar to conditions that would be observed in many other
lakes and reservoirs, regardless of size.

Summary and Conclusions

Elevated phosphorus in freshwater systems can stimulate
excessive growth of algae that, in turn, can impart tastes and
odors when the water is treated for public supply. To help
control algal growth and reduce these effects, water suppliers
commonly apply copper sulfate to the source water bodies.
Because copper has a maximum allowable concentration in
drinking water and can be toxic to aquatic life, alternative
management strategies might be needed. Investigations into
the sources of phosphorus, the effects of phosphorus on algal
growth, and the effects of copper-sulfate application on aquatic
systems to help improve management strategies are appropri-
ate studies for the U.S. Geological Survey (USGS) because
algal growth and copper-sulfate application are nationwide
issues and part of the mission of the USGS is to define and
protect the quality of the Nation’s water resources and better
understand the physical, chemical, and biological processes in
wetlands, lakes, reservoirs, and estuaries.

The City of Newport News, Virginia, provides an average
50 million gallons per day (Mgal/d) of treated water for
public supply from Lee Hall and Harwoods Mill Reservoirs
(the terminal reservoirs) to communities on the lower York-
James Peninsula. Because of excessive algal growth in these
reservoirs, city personnel apply about 3,500 pounds of copper
sulfate to each reservoir at intervals of 3 to 99 days. These
intervals typically are shortest during the summer and early
fall. Consequently, city officials are seeking to develop a
long-term alternative to the use of copper sulfate for managing
algae in the reservoirs. This report describes results of research
conducted from April 2002 through December 2003 by the
USGS, in cooperation with the City of Newport News, on
the effects of management practices and natural processes on
phosphorus (the apparent growth-limiting nutrient), copper,
and algal concentrations in the terminal reservoirs and
implications for alternative management strategies.

A large part of the flow through the reservoirs is derived
from pumpage from outside watersheds; the major outside

source is the Chickahominy River. This pumpage varies so
that the combination of natural and pumped inflows generally
meets but does not exceed the average needs for public supply,
loss by evapotranspiration, and leakage through the dams.
Water pumped from the reservoirs is processed in a treatment
plant at the lower end of each reservoir. Although pumpage
from Lee Hall Reservoir historically has been 50 percent
greater than that from Harwoods Mill Reservoir, pumpage
from both reservoirs was similar during the study as a result
of failure of parts of the Lee Hall plant and construction to
rebuild the entire plant. Pumpage from outside watersheds
into each reservoir averaged about 17.1 Mgal/d, and raw-water
withdrawals averaged about 24.7 Mgal/d from 2000 through
2003. Pumpage was greatest in 2001 and 2002, two extremely
dry years, and least in 2003, a very wet year. Annual stream-
flow of the Chickahominy River at Providence Forge (station
02042500) was the lowest on record in 2002 (record since
January 1942) and the highest on record in 2003.

Lee Hall Reservoir is separated into two parts of similar
volumes by the Interstate-64 causeway. Most natural flow
enters the upper part of the reservoir through Beaverdam
Creek and flows through the entire reservoir; pumped flow
enters the reservoir downstream from the causeway. Thus, dur-
ing periods of little natural inflow, flow through the reservoir
is dominated by pumpage that only flows through the lower
half of the reservoir. Harwoods Mill Reservoir is divided by
the causeway for State Road 620; pumpage enters the reservoir
above the causeway and flows through most of the reservoir.
Depending on pumpage amounts, hydraulic retention times of
the reservoirs can range from 35 to 11 days.

In background studies, circulation and possible stratifica-
tion in the reservoirs were evaluated because these factors
affect phosphorus availability to algae and, therefore, manage-
ment decisions. A combination of physical and chemical
characteristics and concentrations of sodium, calcium, iron,
and the stable isotopes deuterium and oxygen-18 indicates
that (1) water flows through both reservoirs in a plug-flow
manner, (2) little water in the lower part of Lee Hall Reservoir
flows into the upper part of the reservoir and mixes with that
water, (3) Lee Hall Reservoir generally does not stratify, and
(4) Harwoods Mill Reservoir does stratify. Stratification of
Harwoods Mill Reservoir vertically separates the reservoir into
an upper epilimnion that does not mix with water in the lower
hypolimnion; the transition between these zones begins at a
depth of 10 to 15 feet (ft) based on water-temperature gradi-
ents but 6 to 10 ft based on dissolved-oxygen concentration
gradients, which appear to be the better transition indicator of
the two. Harwoods Mill Reservoir first stratifies between April
and June and remains stratified through September or October.

Although phosphorus commonly is the nutrient limiting
the growth of algae in freshwater systems, nitrogen can
limit growth in some lakes and reservoirs. Generally a
nitrogen-to-phosphorus ratio (N:P) less than 7:1 indicates that
nitrogen is the growth-limiting nutrient, whereas a ratio greater
than 7:1 indicates that phosphorus is the growth-limiting nutri-
ent. The N:P ratio of total nutrient concentrations commonly is



used in evaluating many reservoirs having extended hydraulic
retention times (several months to years) because nutrients
bound to particles that enter the reservoir in the spring can

be released from the particles as dissolved orthophosphorus
throughout the growing season and used by algae. Because of
the short hydraulic retention times of the terminal reservoirs,
the ratio of the dissolved species likely is a better indicator of
nutrient limitation. The N:P ratio of dissolved nutrients for the
reservoir sites and the pumped inflow generally was greater
than 20:1, indicating that phosphorus likely is the growth-
limiting nutrient in the terminal reservoirs.

Phosphorus typically was present predominantly as
suspended rather than dissolved species except in the hypo-
limnion of Harwoods Mill Reservoir and the natural inflow.
Orthophosphorus concentrations generally were less than the
minimum reporting level of 0.007 milligram per liter (mg/L);
dissolved phosphorus concentrations were 0.020 mg/L or
less, and suspended phosphorus concentrations were less than
0.060 mg/L in all but 25 to 50 percent of the samples from
these two sites. The higher dissolved phosphorus concentra-
tions in the hypolimnion most likely resulted from release of
phosphorus from suspended particles and the decomposition
of organic material in the water column.

Because concentrations of most nutrient species differed
near the bottom from those near the surface in both reservoirs,
the detailed vertical distribution of nutrient concentrations
was measured near the water-treatment plants at Lee Hall
and Harwoods Mill Reservoirs in August 2003. In Lee Hall
Reservoir, field-measured physical and chemical character-
istics and concentrations of nitrogen and phosphorus species
generally changed without large differences over short depth
intervals. At site HM1, however, field-measured physical and
chemical characteristics and several nutrient species changed
sharply over short intervals. Dissolved phosphorus concentra-
tion increased from 0.015 to 0.057 mg/L from a depth of 15 ft
to the reservoir bottom (depth of 18 ft), indicating the likely
release of phosphorus from suspended particles in the hypo-
limnion or bed sediment. Because dissolved-oxygen concen-
trations indicate that the boundary between the epilimnion and
the hypolimnion likely was between 6 and 10 ft, these sources
would not contribute to the growth of algae in the epilimnion
until the breakdown of stratification in the fall. Additionally,
laboratory studies of the release of dissolved phosphorus
from particles suspended in the water column indicate that
these particles could account fully for the observed dissolved
phosphorus concentrations within 30 to 40 days whereas
phosphorus would have been released from particles over the
nearly 90 days the reservoir had been stratified.

Studies of the effects of copper-sulfate application
indicate that chlorophyll concentrations decreased then
recovered, concentrations of phosphorus species changed
little, and copper concentrations decreased after application.
Thus, the die-off and settling of algae as a result of copper-sul-
fate application appeared to have little effect on phosphorus.
Dissolved copper became bound to particles that settled as
the bed sediment. The absence of dissolved copper and the
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presence of high suspended copper concentrations in the
hypolimnion of Harwoods Mill Reservoir indicate that copper
is not released from particles once it becomes bound to the
particles and, thus, is sequestered in the bed sediment.
Phosphorus and copper concentrations in bed sediment
and interstitial water also indicate that although both phospho-
rus and copper settle as bed sediment, neither appears to be
released from the sediment to the water column in appreciable
amounts. Although phosphate concentrations in bed sediment
ranged from 0.3 to 8.8 micrograms per gram, varied in
spatially identifiable patterns, and generally decreased with
depth, concentrations in interstitial water indicate that bed
sediment likely is a limited source of dissolved phosphorus
to the water column. Phosphorus concentrations in filtered
samples of interstitial water did not reflect a consistent vertical
gradient that would result in diffusion of phosphorus from the
sediment to the water column. Because of a strong relation
between dithionite-extracted phosphorus and iron concentra-
tions, a large part of the phosphorus appears to be bound by
iron oxides in the bed sediment. Low sulfate concentrations
in the water column could account for phosphorus not being
released from the iron oxides even when dissolved-oxygen
concentrations are low in the sediment and overlying water,
a relation identified by previous investigators. Additionally,
because the ratios of dissolved phosphorus to dissolved iron
in samples collected from the hypolimnion of Harwoods Mill
Reservoir in September 2002 were 20 to 290 times the ratio of
the dithionite-extracted concentrations, a source other than bed
sediment appears to be the major source of phosphorus to the
water column. Less than detectable concentrations of copper
in the interstitial water also indicate that copper remains bound
to the sediment and is not released to the water column.
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