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(ABSTRACT)

A limnological survey of Lake Laura and its tributary streams
was conducted from June to October 1986 to evaluate causes of
excessive algal blooms experienced in past years.

Lake Laura was classified as mesotrophic based upon total
phosphorus surface water, chlorophyll a, and secchi disc levels
measured. Due to atypical meterological conditions experienced
during the study, the Vollenwieder model was utilized to evaluate the
impact of various nutrient sources on Lake Laura under more typical
conditions. Nonpoint source runoff from agricultural and pasture
land and effluent from the Orkney Springs wastewater treatment plant
were determined to be the main sources of nutrient inputs to Lake
Laura.

A description of lake and drainage basin monitoring methods,
model results, and an analysis of recommended lake management

practices to control future algal blooms is included.
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INTRODUCTION

Purpose of Study

Lake Laura, located at the Bryce Mountain Resort in Shenandoah
County, Virginia, has experienced excessive algal blooms over the
past several years during the spring and summer seasons. The cause
of the algal blooms is suspected as being the nutrient-rich effluent
from the wastewater treatment plant located in the Town of Orkney
Springs, Virginia. The effluent from this wastewater treatment plant
is the only known source of pollutants which discharges to Lake
‘Laura. The apparent deterioration of the water quality in Lake Laura
over the past years has spurred interest by the Bryce Mountain
Homeowners Association to investigate the cause of the decreased
water quality, especially since one of the primary uses of the lake
at the resort is for recreational purposes (i.e., swimming, boating,
fishing). The purpose of this study, therefore, was to perform a
limnological survey, with particular emphasis on physical and
chemical factors, of Lake Laura and its associated drainage basin, in

an effort to identify the potential causes of the algal blooms.




LITERATURE REVIEW

Lakes are self-contained in terms of the various biological
components which are contained within the lake waters (i.e., aquatic
plants and animals). However, the rate of metabolism and relative
stability over years of these biological components is dependent on
the input of light (i.e., radiant energy) and especially the rate of
inflow and outflow of water and materials from the watershed. When
an excessive amount of nutrients are introduced into lakes
productivity is observed to increase substantially.

The process of eutrophication is a complex phenomenon which is
affected by a number of physical, biological, and chemical factors
(Rast, et al., 1983). The physical factors that influence the
quantity of nutrients entering a watershed include the amount of
nutrients in soils, topography, vegetative cover, quantity and
duration of runoff flow, land use, and point source pollution
(Wetzel, 1983). Most surface soils are relatively rich in nutrients
from plant debris in different states of decomposition. The
topography of the land within a lake basin or watershed will
influence the extent of erosion of soils and the resulting export of
nutrients. For example, flat lands with little runoff and high
filtration rates (i.e., sandy soils) will contribute lower nutrient
loads to runoff as compared to similar lands with steeper gradients
(Sonzogni, et al., 1980). The relative amounts of erosion of soils
during runoff periods is influenced by soil type, vegetation, and use

of the land surrounding a lake. Many studies have quantified the




relative amounts of nutrients that could be expected from a given
land use (Rast and Lee, 1983; Sonzogni, et al., 1980; Daniel, et al.,
1982). The land use types evaluated by these studies generally fall
into four categories: rural (agriculture), urban, forest, and
wetlands. In general, the nutrient loads from intensive agriculture
and urban uses were found to be much greater than forested lands.

The most significant point sources of nutrient loads to lakes
are generally domestic wastewater treatment plant effluents that are
discharged directly to the lake, or, more commonly, to a tributary of
the lake (Rast and Lee, 1983). However, the extent of nutrient
loading to a lake from a wastewater treatment plant varies greatly
with the density of population, the extent of treatment of the sewage
for nutrient removal, and the proximity of the points of discharge of
wastewater treatment plant effluent to the lake (Wetzel, 1983).

Two other physical factors which affect the process of
eutrophication are atmospheric precipitation and groundwater. In
particular these two physical factors could also be responsible for
the transport of nutrients into a lake. The input of nutrients to a
lake from atmospheric precipitation will be extremely variable
depending upon many factors including: local meteorological
conditions, wind patterns, and location of the lake in relation to
industrial outputs. In light of this variability, studies have
estimated atmospheric precipitation and dry fallout loadings of
nutrients to be significant compared to other land uses (Daniel, et
al., 1982; Rast and Lee, 1983). The phosphorus content of

atmospheric precipitation is less than that of nitrogen (Wetzel,




1983; Rast and Lee, 1983).

The basic composition of groundwater depends upon its contact
with. soils, minerals, and rocks, and will vary depending upon the
geographic location of the lake drainage basin and the associated
geological make-up of the basin. The significance of nutrient
loadings to lakes from groundwater has not been quantified primarily
due to the inadequate methods of monitoring groundwater (Novotny and
Chester, 1981). However, the limited information available regarding
groundwater characteristics shows that nitrate nitrogen is the most
common nutrient identified in groundwater (Wetzel, 1983; Novotny and
Chesters, 1981). Further, the phosphorus content of groundwater is
generally found to be low (Wetzel, 1983).

Biological factors also play an important role in the process of
eutrophication. In particular, lake phytoplankton, which include
truly aquatic single-celled photosynthetic algae and blue-green algae
(or Cyanobacteria) play critical roles in nutrient cycles (Wetzel,
1983). These roles include decomposers and recyclers in food chains,
as agents in biogeochemical cycles, and as links in detritus
communities (Cole, 1983).

Witﬁin the basic physiological requirements of temperature and
light, various chemical factors are critical to the growth and
succession of lake phytoplankton. Particularly the nutrients carbon,
nitrogen and phosphorus have been cited as being the elements most
necessary for growth of aquatic algae and macrophytes (Cole, 1983;
Wetzel, 1983; Lee, et al., 1978). Due to the fact that carbon,

nitrogen and phosphorus play significant roles in aquatic plant




growth in lakes, control of these nutrients has received much study
over the years with respect to lake eutrophication.

~According to the "Liebig Law of Minimum," the growth of a plant
will be limited by the nutrients least present to the plant, relative
to its needs. For growth and reproduction, the ratio of essential
nutrients algae typically need is 106 carbon atoms to 16 nitrogen
atoms to 1 phosphorus atom. The large algal demand for carbon,
compared to nitrogen and phosphorus, would lead one to believe that
carbon would be the limiting factor in algal growth. However,
several authors have shown that it is phosphorus that is usually the
limiting nutrient for algal growth in freshwater systems (Lee, et
al., 1978; Rast, et al., 1983; Wetzel, 1983; Cole, 1983).

The potential for limitation of algal growth by carbon
availability in lakes is small. This is primarily due to the
adequate supply of carbon to lakes in its available forms, i.e., COjp
and carbonate species (Lee, et al., 1978). Diffusion of atmospheric
COy is generally adequate to sustain the carbon requirements of
phytoplanktonic communities in lakes (Wetzel, 1983). The only
situation that would have the potential for carbon limiting algal
growth in a waterbody would be under very fertile conditions, where
nitrogen and phosphorus are available beyond the demands of the algal
population. One such example of a highly fertile waterbody where
carbon could be limiting would be a sewage lagoon (Wetzel, 1983).

Although algae would require almost ten times as much nitrogen
for growth as phosphorus (based on mass), natural waters typically

contain this relative amount of available nitrogen over phosphorus




(Lee et al., 1978). This is especially true for unproductive
oligotrophic lakes. However, as phosphorus loading to fresh waters
increases which results in increased productivity, nitrogen will
become more important as a growth-limiting nutrient (Wetzel, 1983).
Nitrate and ammonia are the forms of nitrogen that are generally
utilized for algal growth. Dissolved nitrogen gas is also utilized
by certain types of algae as a nitrogen source (Wetzel, 1983; Lee, et
al., 1978). The natural sources of nitrogen to a lake includes dry
fallout and precipitation, nitrogen fixation both in lake waters and
in lake sediments and surface and groundwater drainage (Wetzel,
'1983).

Perhaps the most significant nutrient which affects algal growth
in lakes is phosphorus. This is due primarily to the fact that
phosphorus is normally the controlling nutrient for algal growth in
lakes. Typically, only small amounts of the biologically available
forms of phosphorus are available, relative to the other nutrients
required for algal growth in lakes (Lee, et al., 1978; Rast and Lee,
1978). Soluble orthophosphate is the fraction of total phosphorus
which is directly utilizable for algal growth in most instances
(Wetzel, 1983). The actual amount of biologically available
phosphorus in a lake has been found to be approximately equal to the
soluble orthophosphate content plus 20 percent times the differences
between the total phosphorus and soluble orthophosphorus content
(Lee, et al., 1978). Two natural mechanisms are primarily
responsible for the accumulation of soluble orthophosphate in lakes;

decomposition of sedimented lake plankton, and reduction of




phosphate-containing trivalent iron precipitates. Phosphorus also
enters lakes naturally from atmospheric precipitation, groundwater,
and surface water runoff (Wetzel, 1983).

As discussed previously, man's activities can result in
increased or excessive nutrient loadings to a lake. In particular,
domestic wastewater discharges and agricultural and urban drainage
have been recognized as sources of nutrient loadings to lakes (Lee,
et al., 1978; Daniel, et al., 1982; Wetzel, 1983).

Domestic wastewater has been of particular concern as a
phosphate source. The loadings from domestic wastewaters will vary
depending upon the population density, the level of treatment (i.e.,
primary, secondary) and extent of nutrient removal at a wastewater
treatment plant, and the point of discharge to a lake (Wetzel, 1983;
Rast and Lee, 1983). It has also been estimated that approximately
20-25 percent of the phosphorus in domestic wastewaters is derived
from the use of phosphate-built detergents (Lee and Jones, 1986).

The way in which agricultural land is utilized will directly
affect the quality of the runoff water from the land. Two sources of
excessive nutrients from agriculture practices are from croplands and
pastureland (U.S. Environmental Protection Agency, 1984). The
loading of nutrients from cropland has been directly related to
tillage and other crop-ma igement techniques. In particular, as the
erosion potential presented by a given tillage practice increases,
nutrient loadings in associated runoff will increase due to the

attachment of nutrients to eroded sediments (U.S. Environmental

Protection Agency, 1984; Sonzogni, et al., 1980). Improper or




excessive application of commercial fertilizers or manure to cropland
can also result in increased nutrient levels in runoff waters
(Novotny and Chesters, 1981; Sonzogni, et al., 1980).

Pastureland can also contribute significant amounts of nutrients
to water bodies either directly or via runoff from pasture areas.
The extent of nutrient loadings from pastureland areas will depend
upon pasture practices (i.e., direct animal access) and the density
of animals. In one study, where animal concentrations were greater
(i.e., barnyard areas), runoff contained approximately 10 times
higher loadings of soluble phosphorus and ammonium nitrogen than
other agricultural land uses (Daniel, et al., 1982). Another study
found an exponential increase in total P, total N, and ammonium
nitrogen associated with an increase in percent pasture area of a
watershed (Smart, et al., 1985).

Runoff from urban areas also contributes nutrients to a water
body. The contributions of nutrients from urban runoff depends upon
the degree of impervious cover, the density of populations, and the
degree of industrialization (Sonzogni, et al., 1980). Overall, the
nutrient levels generally present in urban runoff are not as high in
comparisén with other possible discharges to a stream. In
particular, average annual nutrient loads were found to be around an
order of magnitude less than average annual loads expected from a
well run secondary treatment plant (U.S. Environmental Protection
Agency, 1983).

The control of eutrophication of a water body has received a

vast amount of attention in the past and still does today. The most




cost effective approach to managing the process of eutrophication is
usually to control the supply of nutrients to a water body. Due to
the fact that phosphorus has been found to be the most limiting and
controllable nutrient, the control of phosphorus has been the focal
point of much of the research to date (Gillion, 1984; Smith and
Shapiro, 1981; Antosch, 1984). To assess the impact of the wvarious
options to control phosphorus inputs to lakes, various mathematical
models have been developed. The most well known model is that of
Vollenweider (1968). The Vollenweider Model states that the
essential elements that control the trophic status of a lake include
the mean depth of the lake, the rate at which phosphorus and water
flow through the lake, and the loading of phosphorus per unit time.
Utilizing these parameters, the Vollenweider Model can predict the
trophic status of lakes.

Other models have been developed which relate water-quality
variables to lake eutrophication. Dillon and Rigler (1974) and
Oglesby and Schaffner (1978) used mean values for several lakes to
derive relationships between spring total phosphorus levels and
summer chlorophyll a levels. Rast and Lee (1978) developed a
regressién relationship between annual mean total phosphorus and
Secchi disc transparency. The relationships derived from these
models show that a reduction in total phosphorus levels results in

reduction of lake productivity (as measured by chlorophyll a and/or

Secchi disc transparency).




DESCRIPTION OF STUDY AREA

Lake Laura Morphology

Lake Laura (38° 47'N, 78° 47'W) is a small man-made lake located
approximately 2.2 miles northeast of the Town of Orkney Springs, in
Shenandoah County, Virginia. The lake, built in 1971, serves as a
floodwater control structure for the Stony Creek Watershed (Potomac
Basin) and as a recreational lake for the Bryce Mountain Resort.

Lake Laura is owned and operated by the Bryce Mountain Corporation.

Table 1 provides the morphometric characteristics of Lake Laura.
The main tributary to Lake Laura, Stony Creek, discharges into the
south end of the lake. The minimum depth of the lake, 2.1 meters
(m), is present at the south end of the lake. Lake Laura then
gradually deepens towards the northern end and reaches a maximum
depth of 11.3 m near the dam (see Figure 1). Excess water under
normal conditions discharges from Lake Laura via a 91.4 centimeters
(cm) diameter spillway, located just south of the dam, and flows back
into the northern section of Stony Creek. The design flow of this
principle spillway under normal conditions is 5.7 cubic meters per
second (ﬁ3/sec). Under flood conditions, an emergency spillway, 53.3
m wide and 1.6 m deep, can be utilized. The design flow of the

emergency spillway is 143.8 m3/sec.

Drainage Basin and Tributaries

The 1889.7 hectare (ha) basin surrounding Lake Laura is drained

predominantly by four streams; Stony Creek, Rinker Run, Anderson Run,

10




TABLE 1. MORPHOMETRIC CHARACTERISTICS

Shoreline
meters
feet

Surface Area (Recreation Pool)
hectares
acres

Surface Area (Flood Pool)
hectares
acres

Volume (gecreation Pool)
1 x 10" cubic meters
acre-feet

Volume (glood Pool)
1 x 10° cubic meters
acre-feet

Maximum Depth
meters
feet

Mean Depth (Recreation Pool)
meters
feet

Drainage Area
hectares
acres

OF LAKE LAURA

~N W

1,889.7
4,666.0

(Source: Bryce Mountain Homeowners Association)
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and an unnamed tributary of Stony Creek, hereafter referred to as
"Orkney Springs Run" only for purposes of this study. In addition to
these four streams, a small portion of the basin drains directly into
Lake Laura via intermittent streams and direct runoff (see Figure 2).
Table 2 presents estimated areas of the Lake Laura drainage basin
served by each of the streams in the basin. These estimates were
derived utilizing U.S. Geological Survey topographic maps (7.5 minute
series) and familiarity of the drainage basin gained through a
windshield survey performed during the study. Stony Creek is the
only tributary which discharges directly into Lake Laura. 1In
addition to the flow from the other streams in the drainage basin,
Stony Creek receives drainage directly from eastern, southern, and
western portions of the basin. Stony Creek drains approximately 35
percent of the total drainage basin area. Rinker and Anderson Run
drain predominantly the southwest portions of the basin and discharge
into Stony Creek approximately 2.5 km and 3.5 km downstream of Lake
Laura, respectively. Rinker and Anderson Run drain approximately 25
and 10 percent, respectively, of the total drainage basin area.
Portions of the northwest area of the Lake Laura basin drain into
Orkney Springs Run, which drains approximately 20 percent of the
total drainage basin area. The remaining ten percent of the basin,
located along the eastern and western shores of Lake Laura, drain

directly into the lake.

Drainage Basin Uses

The Lake Laura basin drains agricultural, forest, and urban land




1 Survey, 1972)

U.S. Ceologica

(Source

Lake Laura Drainage Basin

Figure 2.
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use areas. Based on USGS Land Use maps (U.S. Geological Survey,

1973-1977), forest lands constitute the major land use, estimated as

covering almost 60 percent of the total area; agricultural lands are

next comprising an estimated 35 percent of the total area; the
remaining land in the basin is utilized for urban use.

The forest lands of the Lake Laura drainage basin are located
throughout the basin. The majority of the drainage basin is covered
by deciduous forest (U.S. Geological Survey, 1973-1977). However,
evergreen and mixed forest cover can be found concentrated in the
southeast corner of the drainage basin, adjacent to Stony Creek.

The agricultural areas of the Lake Laura drainage basin are
concentrated along Stony Creek. In particular, there are several
private dairy farms and a horse stable located in the basin areas
drained by Stony Creek. Portions of Stony Creek actually meander
through and along many of these farms and their associated pastures
and barnyard areas. Much of the pasture land used by these farms
allow for direct animal access to Stony Creek; only a limited portion
of pasture land is fenced to keep pasture animals out of Stony Creek.
The horse stable, which is operated by Bryce Mountain Resort, is
located along the downstream section of Stony Creek, just prior to
discharge into Lake Laura. Approximately 12 horses are kept at the
stable for use by guests at the resort. Although no direct access to

Stony Creek is allowed in the horse pastures adjacent to the creek,
horse trails used for riding cross Stony Creek and are also located
along the shores of Lake Laura itself.

The urban uses of the Lake Laura drainage basin include
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residential homes, a hotel and various roadways. There are over 50
residential homes located in the drainage basin, with the majority of
them concentrated in and around the Town of Orkney Springs. The
majority of the Bryce Mountain Resort, located north of the Lake
Laura dam, is not in the Lake Laura drainage basin. However, there
are several resort homes located around Lake Laura. Also located in
the Town of Orkney Springs is the Orkney Springs Hotel. The hotel
was not in full operation for the first half of the summer of 1986
due to rehabilitation of the hotel. Both the residential homes and
the hotel in Orkney Springs are sewered, and connected to the Orkney
Springs Hotels Sewage Treatment Plant (STP). The Orkney Springs
Hotels STP operates under Virginia NPDES Permit No. VA0028401, which
was issued on June 30, 1984, and expires on June 30, 1989 (see

Appendix A). An aerated lagoon treatment system is utilized at the

STP, which has a design flow of 0.0195 million gallons per day (mgd).




MONITORING METHODS

Sampling Site lLocations

Both drainage basin and lake sampling sites were chosen for the
study. Figures 3 and 4 present the locations of these sampling
sites. A total of nine sampling sites were utilized. Four sites
were located on Lake Laura (see Figure 3), each representing
approximately one-quarter of the lake. Station LLOl was located at
the northern and deepest end of Lake Laura, just prior to the
spillway. Stations LLO2 and LLO3 were located in the middle quarters
of the lake, in line with the small bay areas located along the
western shoreline. Station LLO4 was located at the south and
shallowest end of the lake.

Four sampling sites were also located in the drainage basin of
Lake Laura (See Figure 4). Station BMOl was located on Orkney
Springs Run, at the point where Route 263 crosses over the stream,
just upstream of the discharge from the Orkney Springs Hotels STP.
Station BMO2 was located on Stony Creek, at the point where Route 726
crosses over Stony Creek, and just after Rinker and Anderson Runs
combine Qith Stony Creek. Station BMO3 is located at a culvert on
Orkney Springs Run, just prior to its discharge into Stony Creek near
the horse stable, and downstream from the Orkney Springs Hotels STP.
Station BMO4 was located on Stony Creek, just prior to its discharge
into Lake Laura, and downstream from the horse stable. The final
sampling site, Station STP05, was the effluent from the Orkney

Springs Hotels STP. Samples were taken just after chlorination at




s231g SurTdweg eaneT e °¢ 2a1n3T14

(33) °1e0s

, ewm 0

19




20

Geological Survey, 1972)

U.S.

(Source

Basin Sampling Sites

inage

Lake Laura Dra

Figure 4.




the outfall cascade.

Sampling Program

Samples were taken during the period from June 1986, at the
beginning of the lake growing season and after the lake had began to
stratify, through October 1986, just after the lake had experienced a
turnover and was almost completely mixed. In particular, seven
sampling runs were performed at all nine sampling sites: June 13,
July 12, July 26, August 9, September 6, September 20, and October
25. 1In addition, storm water samples were taken by Bryce Mountain
Resort personnel at BMO1l, BMO2, BMO3, and BMO4 on November 17.

Table 3 presents the parameters monitored at each sampling site.
For Lake Laura sampling sites, both surface and bottom water samples
were taken at each site. Surface water samples were grabbed from the
boat, and bottom samples obtained using a Kemmerer water sampler.
Drainage basin samples were grabbed, using a plastic bucket and rope
at most sites.

One-liter plastic bottles were used to collect water samples for
general chemistry analyses. Chlorophyll samples were taken in
one-liter brown plastic bottles. All samples were properly labeled
and stored in coolers on ice until delivery to the laboratory for
analysis.

Flow measurements were also taken at STPO5 during each sampling

run by measuring the head in the primary device (30° V-notch weir)

located in the effluent channel at the STP. Flow measurements at the

drainage basin sampling sites were taken on the last sampling run,
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TABLE 3. LAKE LAURA SURVEY SAMPLING PARAMETERS

Sampling Parameters
Sites Sampled Sample Depth (ft)
L1001 Dissolved Oxygen and 1.0, 2.5, 5.0, 7.5, 10.0,
Temperature 15.0, 20.0, 25.0, Bottom
Chlorophyll Surface
Transparency (Secchi) --
Water Chemistry* Surface, Bottom
pH Surface, Bottom
Alkalinity Surface, Bottom
Conductivity Surface, Bottom
L1102 Dissolved Oxygen and 1.0, 2.5, 5.0, 7.5, 10.0,
Temperature 15.0, 20.0, 25.0, Bottom
Chlorophyll Surface
Transparency (Secchi) --
Water Chemistry¥* Surface, Bottom
pH Surface, Bottom
Alkalinity Surface, Bottom
Conductivity Surface, Bottom
LLO3 Dissolved Oxygen and 1.0, 2.5, 5.0, 7.5, 10.0,
Temperature 15.0, Bottom
Chlorophyll Surface
Transparency (Secchi) --
Water Chemistry#* Surface, Bottom
pH Surface, Bottom
Alkalinity Surface, Bottom
Conductivity Surface, Bottom
LLO4 Dissolved Oxygen and 1.0, 2.5, 5.0, Bottom
Temperature
Chlorophyll Surface
Transparency (Secchi) --
Water Chemistry* Surface, Bottom
pH Surface, Bottom
Alkalinity Surface, Bottom
Conductivity Surface, Bottom
BMO1,BMO2, Dissolved Oxygen Surface
BMO3,BM04, Temperature Surface
STPOS Water Chemistry* Surface
pH Surface
Alkalinity Surface
Conductivity Surface

* Water chemistry parameters include orthophosphorus, total phosphorus,
ammonia nitrogen, total Kjeldahl nitrogen, and oxidized nitrogen.
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October 25. Discharge measurements were made by the velocity-area

method using a Pygmy velocity meter.

Analytical Methods

Dissolved oxygen (DO), conductivity, and temperature were all
measured in the field using portable Yellow Springs oxygen and
conductivity meters. All meters were calibrated in the field during
each visit prior to use. Alkalinity was also measured in the field
using a portable Hach water quality analysis kit. Field measurements
for pH were made using a portable pH meter. The pH meter was checked
and calibrated before measurements were taken at each site. Water
transparency was determined using a 20-cm-diameter Secchi disc.

Water chemistry and chlorophyll analyses were performed by the
Occoquan Watershed Monitoring Laboratory (OWML) located in Manassas,
Virginia. Sample holding times and analyses were carried out
according to Standard Methods (American Public Health Association, et
al., 1985). Water chemistry included analyses for orthophosphorus
(OP), total phosphorus (TP), ammonia nitrogen (NH3), total Kjeldahl
nitrogen (TKN), and oxidized, or nitrate plus nitrite, nitrogen
(0OX-N). Table 4 presents a summary of the OWML quality
assurance/quality control program. In particular, Table 4 presents
the current accuracy, precision, and detection limits for the

analyses performed for the nutrient analyses.
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TABLE 4. OCCOQUAN WATERSHED MONITORING LABORATORY
Quality Assurance/Quality Control

Current Accuracy, Precision, and Detection Limits

March 1987
PARAMETER ACCURACY (%)

lcl 1wl X uwl ucl
oP 85 90 100 110 115
TP 73 85 109 133 145
NH 62 73 96 119 131
TR 79 91 113 136 147
OXN 61 74 100 126 138

PRECISION (mg/1)

X uwl ucl
op 0.0009  0.0029  0.0039
TP 0.0033  0.0078  0.0101
NH 0.0023  0.0063  0.0083
TRN 0.0301  0.0761  0.0991
OXN 0.0117  0.0338  0.0449

DETECTION LIMIT (mg/l)

oP 0.01
TP 0.01
NH 0.01
TKR 0.01
OXN 0.01

Icl = lower control limit

lwl = lower warning limit

X = mean
ucl = upper control limit
uwl = upper warning limit




MONITORING RESULTS

Lake Laura

A summary of the data collected for Lake Laura is presented in
Table 5. This summary was prepared using the raw data provided in
Appendix B. It is important to note that the data summarized and
presented in Table 5 represents data collected only during
June-October 1986.

Generally, samples taken just off the lake bottom contained
slightly higher concentrations of nutrients (phosphorus and nitrogen
compounds) than surface water samples. The median surface water
total phosphorus value was 0.02 milligrams per liter (mg/l). The
median bottom water total phosphorus value was 0.06 mg/l. The
predominate form of nitrogen found in Lake Laura waters was total
Kjeldahl nitrogen. Surface waters had a median concentration of 0.37
mg/l, and bottom waters had a median concentration of 0.99 mg/1l.
Surface and ammonia nitrogen median concentrations were found to be
0.02 mg/l and 0.01 mg/l, respectively. Oxidized nitrogen was only
detected once at each sampling site, each value being just above
analytical detection limits.

During the entire sampling period, Lake Laura was not visually
turbid. Secchi disk readings averaged 2.2 meters for the sampling
period. The secchi readings were consistently were lower at the
southern end of the lake, particularly at sites LLO3 and LLO4. The
lower readings at these sites is probably due to their proximity to

Stony Creek, the main tributary to Lake Laura. The median

25




26

TABLE 5. SUMMARY OF RESULTS FOR LAKE LAURA SAMPLING SITES:
JUNE TO OCTOBER 1986

Number of
Parameter Median Samples Range

Total Phosphorus (mg/1)

Surface 0.02 28 <0.01-0.04

Bottom 0.06 28 0.01-0.30
Orthophosphorus (mg/1l)

Surface <0.01 27 <0.01-0.02

Bottom <0.01 26 <0.01-0.06
Ammonia Nitrogen (mg/l)

Surface 0.02 27 <0.01-0.06

Bottom 0.01 28 0.01-1.65
Total Kjeldahl Nitrogen
(mg/1)

Surface 0.37 28 0.21-0.65

Bottom 0.99 28 0.25-2.23
Oxidized Nitrogen (mg/l)

Surface <0.01 28 <0.01-0.02

Bottom <0.01 28 <0.01-0.03
Chlorophyll a (ug/l)

Surface 5.7 24 1.1-23
Alkalinity (mg/l as
CaCo,)

Surface 47.7 28 42.7-53.9

Bottom 53.5 28 36.3-77.5
Conductivity (umhos)

Surface 109 28 95-119

Bottom ' 100 28 60-119
pH (standard units)

Surface - 28 6.9-8.5

Bottom - 28 6.0-8.0
Secchi (m) 2.2 28 1.6-3.1
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concentration of chlorophyll a was 5.7 ug/l over the sampling period
in the lake surface waters.

. Figure 5 provides a temperature profile for the deepest sampling
site on Lake Laura, LLOl. By the second month of the study (July
1986), the lake had fully stratified for the summer. Surface
temperatures at this time averaged 27.5°C, the warmest observed
during the entire sampling period. Bottom temperatures at the
northern and deepest end of Lake Laura were around 9°C, increasing to
about 14°C at LLO3 and 25°C at LLO4, at the shallow end of the lake.
The stratum during summer stratification in Lake Laura is roughly
estimated according to the temperature profiles as follows:

Epilimnion: 0-10 feet (approximately 0-3 meters)

Metalimnion: 10-16 feet (approximately 3-5 meters)

Hypolimnion: 16 feet-bottom (approximately 5 meters-bottom)

However, LLO4 at the headworks of the lake and where the minimum
depth of the lake is found (2.1 m), no stratification occurred.
During the last sampling visit (October 1986), the lake was
experiencing its fall turnover, and was for the most part, completely
mixed. Average temperatures at all sampling sites throughout the
water columns at fall turnover averaged just above 14°C.

Figure 6 provides a dissolved oxygen profile for the deepest
Lake Laura sampling site, LLOl. At LLOl, the dissolved oxygen
profile in the summer approach what would be considered a clinograde
curve. However, the hypolimnion was never found to be anoxic (i.e.,
absent of oxygen), which would be found in a true clinograde oxygen

profile. During summer stratification, dissolved oxygen

concentrations were at or near 100 percent saturation in the
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epilimnion. At the metalimnion or thermocline (at a depth of
approximately 15 feet or 4.5 meters) dissolved oxygen concentrations
declined and became undersaturated (approximately 40-50 percent). In
the hypolimnion, the dissolved oxygen concentrations became
progressively more reduced and undersaturated, with all values less
than 10 percent saturated. Dissolved oxygen at LLO4 was fairly
constant throughout the lake depth, which was consistent with the
completely mixed condition at that location in the lake.

During fall turnover dissolved oxygen concentrations were not
totally equal throughout the depth profile. At the northern deep end
of the lake, at sites LLOl and LLO2, dissolved oxygen concentrations
were approximately 80 percent saturated to a depth of around 20 feet
(6 meters). Below 20 feet, dissolved oxygen concentrations became
progressively undersaturated, with waters at less than 5 percent
saturation. At the shallower end of Lake Laura, where fall turnover
was more complete, dissolved oxygen concentrations were fairly
constant throughout water depth. At LLO3, dissolved oxygen
concentrations were around 70-80 percent saturated throughout. At
LLO4, dissolved oxygen concentrations were slightly higher,
approximately 90 percent saturation throughout.

The pH of the surface water was slighty higher than that found
in the bottom water at Lake Laura. Surface water pH ranged from
6.9-8.5, only very slightly alkaline or above neutral. Bottom water

pH ranged from 6.0-8.0, right around neutral. No variability between

the pH measured at the four sampling sites was noted.

Conductivity, an indirect measure of the amount of ions present




in water, was found slightly higher in the surface waters (median =
109 umhos) than in the bottom waters (median = 100 umhos). There
were no differences found between the conductivity measured at the
four sampling sites. Alkalinity, the capacity of a water to
neutralize a strong acid, was found higher in the bottom waters
(median = 53.5 mg/l as CaCO3) than in the surface waters (median =
47.7 mg/l as CaCO3). The only difference noted between lake sampling
sites was that water alkalinity was slightly higher at the northern

end of the lake at LLOl, than at any other site location.

Drainage Basin

Table 6 presents a summary of the data collected from the Lake
Laura drainage basin. This summary was prepared using the raw data
presented in Appendix C. It should be noted that the data summarized
and presented in Table 6 only represents data collected during the
period from June-October 1986.

Nutrient (phosphorus and nitrogen compounds) concentrations
measured in the main tributary to Lake Laura (BMO4) were
approximately equal to those concentrations fqund in the lake itself.
The highest concentrations of nutrients found in all streams sampled,
excluding STP05, was at BMO3, downstream from the sewage treatment
plant. Median total phosphorus and orthophosphorus concentrations at
BMO3 were 0.52 mg/l and 0.42 mg/l, respectively. The median
concentration of total Kjeldahl nitrogen was 0.72 mg/l and the median

oxidized nitrogen (nitrate plus nitrite) concentration was 3.67 mg/l

at BMO3. As would be expected, the highest concentrations of
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TABLE 6. SUMMARY OF RESULTS FOR LAKE LAURA TRAINAGE BASIN SAMPLING SITES :
JUNE TO OCTOBER 1986

Parameter BMO1 BMO2 BMO3 BMO4 STPOS
Total Phosphorus (mg/1)

Median <0.01 0.02 0.52 0.03 7.61

Number 7 7 7 7 6

Range <0.01-0.05 < 0.01-0.04 0.32-0.9% 0.01-0.04 4.06-9.18
Or thophosphorus (mg/1)

Median <0.01 <0.01 0.42 0.01 4.06

Number 7 6 7 7 5

Range — <0.01-0.01 <0.01-0.94 <0.01-0.04 | 0.03-6.26
Ammonia Nitrogen (mg/l)

Median 0.02 0.02 0.02 0.02 6.99

Number 7 7 7 5 4

Range 0.01-0.03 <€0.01-0.04 | 0.01-0.04 <€0.01-0.03 | 0.05-19.63
Total Kjeldahl-N (mg/1)

Median 0.29 0.15 0.72 0.16 33.83

Number 7 7 7 7 7

Range 0.05-0.84 <0.01-0.32 0.38-1.01 <€0.01-0.30 | 19.56-41.48
Oxidized Nitrogen (mg/1)

Median 0.41 0.06 3.67 0.22 0.20

Number 7 7 7 7 7

Range 0.01-0.49 <€0.01-0.15 | 0.04-4.16 0.05-1.88 <0.01-0.93
Alkalinity (mg/l as
Ca0,)

Median 62.1 112.8 9.7 103.5 298.8

Number 7 7 7 7 6 .

Range 57.2-68.2 75.2-123.7 63.2-147.6 73.8-126.4 264.9-339.4
Conductivity (umhos)

Median 250 175 332 183 725

Number 7 7 7 7 6

Range 225-272 130-190 240-400 140-200 670-880
pH (standard units)

Number 6 6 6 6 6

Range 6.2-6.9 7.0-7.7 6.7-7.3 7.0-7.8 6.9-7.5
Dissolved O2

Median 7.7 8.8 7.6 9.1 3.4

Number 7 7 7 7 6

Range 6.4-8.5 8.2-9.8 7.0-8.5 7.3-9.8 2.2-5.9
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TABIE 6. SUMMARY OF RESULTS FOR LAKE LAURA DRAINAGE BASIN SAMPLING SITES:
JINE TO OCTOBER 1986 (Continued)

Parameter ° BMO1 BM02 BMO3 BMO4 STPOS
Temperature (°C)
Median 19.0 18.0 19.1 20.5 19.4
Number 7 7 7 7 6
Range 11.5-21.5 11.0-19.0 11.2-21.5 11.0-22.1 13.9-25.1
Flow (mgd)
Mean 0.015 0.267 0.023 0.467 0.009
Number 1 1 1 1 7
Range J— —_ —-— — 0.(1)28—0.0138




nutrients was measured at the effluent of the Orkney Springs Hotels
sewage treatment plant.

~The highest stream temperatures (approximately 21°C) were
measured at the end of July, in the middle of the summer. The lowest
stream temperatures (approximately 11°C) were measured during the
last sampling visit in October. All temperature values measured at
STPOS5 were slightly higher than the other stream temperatures.

Dissolved oxygen concentrations in all stream sites were always

close to saturation levels. Sampling sites BM02 and BMO4 were the

higher of éites sampled, with median dissolved oxygen levels of 8.8

mg/l and 9.1 mg/l, respectively. During late July and early August,
these streams approached supersaturation, experiencing dissolved
oxygen concentrations of greater than 9.0 mg/l (at temperatures
around 20°C). Sampling sites BMOl and BMO3 located upstream and
downstream of the sewage treatment plant, experienced lower dissolved
oxygen concentrations with median values of 7.7 mg/l and 7.6 mg/l
measured , respectively. The lowest dissolved oxygen values were
found in the effluent of the sewage treatment plant (STP05) which had
a median concentration of 3.6 mg/l.

The pH of all the drainage basin sites were found to be all
around seven or neutral. The only site that a pH equal or greater
than seven was not measured was at BMOl, where the pH range measured
was 6.2-6.9. The pH measured at sites BMO2 and BMO4 were always
between a pH of seven and eight. No pH trends were noted over the
time of the sampling period.

Conductivity values varied among drainage basin sites. BMO2 and




BMO4 had the lowest median conductivity measurements at 175 umhos and
183 umhos, respectively. The highest measurements of conductivity
were found at STPO5, with a median of 725 umhos. The highest
conductivity found in the stream sites was at BMO3, just downstream
from STPO5. The median conductivity measured at BMO3 was 332 umhos.
Alkalinity concentrations were fairly consistent among stream
sites with the exception of BMOl. The median alkalinity measured at
BMO2, BMO3, and BMO4 were all approximately 100 mg/l as CaCO3_ The
alkalinity at BMOl was lower than the other stream sample sites, with
a median concentration of 62.1 mg/l as CaCO3. Generally, the
alkalinity at all stream sampling sites increased slightly from the
summer months to the fall months. The highest alkalinity measured
was at STPO5, which had a median alkalinity of 298.8 mg/l as CaCOj.
Table 7 presents the results of the samples taken on November
17, 1986, during a storm event. The data presented in Table 7
indicates the nutrient concentrations found during runoff conditions
which occurred on November 17. Nutrient concentrations measured in
runoff would be expected to be variable between any given number of
storm events. In general, however, nutrient concentrations were
found to be higher than the median concentrations presented in Table

6 at all stream locations except at BMO3.
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TABLE 7. NUTRIENT CONCENTRATIONS MEASURED AT LAKE LAURA
' DRAINAGE BASIN SAMPLING SITES DURING RUNOFF

CONDITIONS ON NOVEMBER 17, 1986

Sampling Sites

Parameter BMO1 BMO2 BMO3 BMO4
Total Phosphorus (mg/l) 0.08 0.05 0.22 0.14
Orthophosphorus (mg/1l) <0.01 0.02 0.21 0.06
Ammonia Nitrogen (mg/l) 0.05 0.02 0.03 0.04
‘Total Kjeldahl Nitrogen 0.67 0.34 0.50 0.41
(mg/1)
Oxidized Nitrogen 0.13 0.64 1.39 0.56
(mg/1)




DISCUSSION AND DATA ANALYSIS

Trophic State of Lake Laura

The first step in trying to identify the cause of eutrophication
of Lake Laura would be to describe its water quality in terms of its
trophic state. Table 8 presents a comparison of Lake Laura data to
the general trophic states of lakes. Based upon surface nutrient
values alone, Lake Laura would be classified between the oligotrophic
and mesotrophic states. However, according to bottom nutrient,
chlorophyll a, and Secchi values, Lake Laura would be classified
between the mesotrophic and eutrophic states. Another widely used
measure of the trophic state of lakes is the Trophic State Index
(TSI) developed by Robert Carlson (Carlson, 1977). The Carlson index
can be computed from Secchi disc transparency, chlorophyll, or total

phosphorus measurements as follows:

| n SD |
TSI (SD) = 10 | 6 - 1n(2) |
I

=

| 2,04 - 0.68 In Chl |

TSI (Chl) = 10 | 6 - 1n(2) |
I_ _l
| 1n (48/TP) |
TSI (TP) = 10 | 6 - 1n (2) |
I

Use of Carlson's TSI is dependent on one assumption; the lake being

studied is phosphorus limited. According to Wetzel (1983),
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freshwater plants require nitrogen and phosphorus for growth in a
ratio of approximately 9:1. The median total nitrogen and phosphorus
concentration of surface waters measured in Lake Laura were 0.37 mg/l
(inorganic nitrogen concentrations were below detection limits) and
0.02 mg/l, respectively. These concentrations result in a ratio of
approximately 18:1. Assuming that these concentrations were readily
available for freshwater plant growth, and no other parameters (e.g.,
light) were limiting, phosphorus would appear to be considered
limiting in Lake Laura and Carlson's TSI can be utilized.

Using éurface median values for all three parameters to
calculate a TSI for Lake Laura results in the following:

TSI (SD) = 48.6

TSI (Chl) = 50.8

TSI (TP) = 47.4
Generally, TSI values greater than 50 are considered eutrophic and
values less than 40 are considered oligotrophic. Using all three
parameters, a TSI of approximately 49 would be assigned to Lake
Laura, thus, classifying it as a mesotrophic lake.

The algal blooms that have been observed in the past in Lake
Laura did not occur during this study, which covered the algal
growing season. However, based on data collected during this study,
Lake Laura would be considered mesotrophic, or on the border of
experiencing eutrophic conditions. Perhaps then, Lake Laura was also
on the border of experiencing an algal bloom this year. The main
cause of cultural eutrophication has been documented to be the

excessive input of nutrients to a waterbody (Wetzel, 1983; Cole,

1983; Lee, et al., 1979; Antosch, 1984; Rast and Lee, 1983).
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Therefore, the lack of an algal bloom this year in Lake Laura, given
all other growth conditions (e.g., light, temperature, etc.) were not
limiting, is assumed to be due to a decrease of nutrient input to
Lake Laura. The following discussions will focus primarily on why
algal blooms may not have occurred this year in Lake Laura, utilizing
the data collected during this study. It should be noted here that
no additional data regarding Lake Laura water quality was available

at the local, State or Federal agency levels.

Lake Stratification

Both the temperature and dissolved oxygen profiles indicate
stratification during the summer months. Temperature profiles in the
northern, deeper end of Lake Laura showed stable thermal
stratification throughout the summer months. In early fall, when
turnover of the lake began, these thermal strata became less
pronounced, and the temperatures throughout the water columns were
similar (the lake had begun to mix). The thermal stratification
which occurred during the summer months resulted in similar
stratification of dissolved oxygen in Lake Laura. Basically, a
thermal barrier was formed at the thermocline (found approximately at
a depth of 10 feet or 3 meters) which prevents the migration of
dissolved chemical species (e.g., dissolved oxygen) between the
epilimnion and hypolimnion. Therefore, the waters were not
replenished with dissolved oxygen as the surface waters are from

atmospheric diffusion.

The oxygen profiles for Lake Laura further indicate that Lake
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Laura is, or approaching, eutrophic conditions. 1In particular, the
dissolved oxygen concentrations in the hypolimnion fell below 1.0
mg/1l during the summer months at LLOl, LLO2, and LLO3. The dissolved
oxygen curve that resulted at these sites would be considered
approaching clinograde, and is indicative of eutrophic lake
conditions. The depletion of dissolved oxygen in the hypolimnion of
shallow, eutrophic lakes is predominantly due to the oxidation of
organic matter, especially at the sediment-water interface, where
bacterial decomposition is greater (Wetzel, 1983). Therefore, the
lack of dissolved oxygen in the hypolimnion in Lake Laura during the
summer months when no algal bloom occurred, points to a past history
of high organic matter levels in the lake, or fertile conditionms.

The organic matter responsible for the depletion of hypolimnetic
dissolved oxygen in Lake Laura is probably contributed from both
internal and external sources. The internal source of organic matter
in Lake Laura are the algae that are typically produced during the
summer growing season, then die and sink to the lake . If indeed
algal blooms in the past were as extensive as stated by lake owners,
then these blooms could account for a large portion of the lake
organic matter. External sources of organic matter to Lake Laura
that should be considered include stormwater runoff and effluent from
the wastewater treatment plant. The Lake Laura drainage basin, as
previously discussed, is made up predominantly of forest and
agricultural land. Leaf litter from forested areas and manure from
pasture areas are particularly suspect as contributing to the organic

matter loading to Lake Laura via stormwater runoff. Finally, direct
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discharges from the Orkney Springs Hotels STP to Lake Laura are

likely to contribute as well to the organic matter load.

Meterological Conditions

In light of the fact that the water chemistry is indicative of
eutrophic conditions, the probable reason for lack of algal blooms
this year in Lake Laura could be related to the year's meterological
conditions. Figure 7 provides total monthly rainfall for 1984, 1985,
and 1986. Rainfall totals represent the average rainfall measured at
rainfall metering stations located just north of Lake Laura in Mount
Jackson, Virginia, and just south of Lake Laura in Cootes Stare,
Virginia. Rainfall data was provided by the National Oceanic and
Atmospheric Administration, Washington River District Office. As
shown in Figure 7, there were two important occurrences which
probably had an affect on the lack of algal blooms this year; the
flooding conditions which occurred during November 1985, and the
drought-like conditions experienced in the summer of 1986, as
compared to 1984 and 1985.

Over the three year period from 1984 to 1986, the highest total
monthly rainfall occurred in November 1985. In particular, over
seven inches of rain fell in the Lake Laura area over a period of
just several days, resulting in flood conditions throughout the Lake
Laura drainage basin. These flood conditions occurred in the fall,
as primary production of phytoplankton lessened and surface water

nutrient levels began to increase (due to decrease of algal

utilization). A possible result of the flood in November 1985 was
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that it may have scoured and flushed out organic matter and nutrients
from Lake Laura. If indeed sediments were scoured, a substantial
fraction of a major internal source of nutrients may have been
removed. Therefore, it is possible that this flood event was
responsible for the improved water quality observed in the Lake Laura
surface waters during the summer of 1986.

The spring and summer of 1986 was relatively dry compared to
1984 and 1985, especially during the summer months. The effect of

this dry period was probably reduced runoff and associated streamflow

to Lake Laura. Due to the relatively dry weather experienced at Lake

Laura and the associated decrease in runoff, the total nutrient
loadings to the lake were expected to be lower than that of previous
years. This is evident upon comparison of the concentrations of
nutrients measured at each drainage basin sampling site during
baseflow and runoff conditions. Table 9 presents the concentrations
of total phosphorus and organic and inorganic nitrogen for each
drainage basin sampling site. As shown in Table 9, runoff
concentrations for total phosphorus and organic and inorganic
nitrogen are substantially higher, respectively, than baseflow
concentrations measured at BMO4. Given the dry conditions
experienced during the study, it can be assumed that baseflow
conditions predominated. This probably resulted in an overall
reduction in loadings of nutrients to Lake Laura during 1986,

compared to that which has been experienced over the past years.
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Evaluation of Nutrient Sources

Due to the fact that algal blooms may reoccur at Lake Laura, an
evaluation of the sources of nutrients to Lake Laura was performed so
as to provide a basis for further study and/or future lake management
practices.

Using baseflow discharge and nutrient concentration measurements
taken during this study, total phosphorus and total nitrogen loadings
were calculated for each drainage basin sampling site. Table 10
presents these calculated loadings.

The wastewater treatment plant effluent (STPO5) represents the
highest nutrient loading calculated. The effect of the wastewater
treatment plant effluent nutrient loadings can be seen by examining
the loadings at BMO1l (upstream of STP05) and at BMO3 (downstream from
STPO5). There is a substantial increase in loadings experienced from
BMO1l to BMO3. However, the loadings at BMO3, downstream from STPOS,
accounted for only about 20 percent of the loading expected from
STPO5. Therefore, Orkney Springs Run, which normally would be
considered a very low flow stream, actually acted more as a nutrient
trap or sink rather than a nutrient transport mechanism. This
conditioﬁ in Orkney Springs Run would not be expected, at least to
the degree found during this study, under normal or average flow
conditions. Under average flow conditions, the retention time of the
wastewater treatment plant effluent in Orkney Springs Run would not
be expected to be as long, giving less time for nutrients to be
actually trapped or utilized within the stream. Average flow

conditions would, therefore, probably result in larger nutrient
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TABLE 10. CALCULATED BASEFLOW NUTRIENT LOADINGS FROM
LAKE LAURA DRAINAGE BASIN SAMPLING SITES®

’ Total Phosphorus Total Nitrogen
Sampling Site Loadings (kg/yr) Loadings (kg/yr)
BMO1 0.2 14.5
BMO2 7.4 77.5
BMO3 16.5 139.5
BMO4 19.4 245.2
STPO5 94.6 423.1

®Calculated using median values from Table 6 and flow
values measured on October 25, 1986
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loadings to Stony Creek from the wastewater treatment plant.

As just discussed, the highest nutrient loadings were found at
STPOS5, the effluent from the wastewater treatment plant. However,
based on loadings calculated at BMO3, they should not be considered
the only significant nutrient source when compared with nutrient
loadings found at BMO2. At BMO2, just downstream from pasture and
forest land, total phosphorus loadings were about half the amount
that was found at BMO3, and total nitrogen loadings were slightly
less than that at BMO3, under baseflow conditions. However, under
runoff conditions, nutrient concentration levels increased
significantly to levels similar to what was found at BMO3.
Therefore, the barnyard and pasture areas adjacent to Rinker and
Anderson Runs and pasture practices which allow direct cattle access
to these streams, would appear to have a substantial effect on
nutrient loads to Lake Laura.

In an effort to assess the relative impact of the sources of
nutrients to the water quality of Lake Laura, a modified version of
the Vollenweider input-output model was utilized to predict in-lake
total phosphorus concentrations from total phosphorus loading rates.
Based on the results from application of the model, a plot of the
Vollenweider relationship and the Carlson TSI was used to assess
water quality in terms of trophic state. The general Vollenweider
input-output model with the phosphorus sedimentation coefficient for
natural lakes developed by Canfield and Bachman (1981) was used in
this analysis to predict the water quality of Lake Laura under the

different phosphorus loading scenarios. The form of this model is as
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follows:
L
TP = Z(c+p)
where:
TP = total phosphorus concentration in the lake waters(mg/m3)
L = annual phosphorus loading per lake surface area(mg/m*/yr)
Z = lake mean depth (m)
¢ = phosphorus sedimentation coefficient (yr'l)

- 0.162 (L/z)0-458
P = hydraulic flushing rate of the lake (yr‘l)

This model was chosen because of its documented accuracy to
predict total phosphorus concentrations, compared to other models
(Antosch,1984; Canfield and Bachman, 1981).

Three different scenarios were evaluated using this model:

o Scenario 1: 1986 baseflow conditions with baseflow total

phosphorus loadings at BMO04;

o Scenario 2: 1986 baseflow conditions with baseflow total

phosphorus loadings at BMO4 plus the difference

in loadings between STPO5 and BMO3; and

o Scenario 3: Using nutrient export coefficients based upon
land use in the drainage basin to predict

nonpoint total phosphorus loadings during a
normal year, plus the points source loadings from
STPOS.

Table 11 provides the nutrient export coefficients and
associated drainage basin areas that were utilized to estimate in
part, the total phosphorus loadings under the last scenario described
above. These land use coefficients were extracted from Rast and Lee
(1983), who developed the values and consider them as generally
applicable to many lakes in the United States.

Table 12 and Figure 8 provide the results of the application of
the modified Vollenweider input-output model for Lake Laura under the
three scenarios. Under baseflow conditions and concentrations, the

predicted total phosphorus concentration in Lake Laura was 4.7 mg/m3.

This total phosphorus concentration results in a TSI of 26 for Lake
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Laura which would be considered indicative of oligotrophic
conditions. Further, as shown in Figure 8, phosphorus loadings
calculated under the first scenario result in oligotrophic status for
Lake Laura on the Vollenweider relationship plot. It should also be
noted that the nutrient loading from the wastewater treatment plant
is included as a part of the baseflow conditions. However, due to
the potential nutrient trap in Orkney Springs Run (as discussed
previously), this may not be totally indicative of the effect of the
treatment plant loadings on Lake Laura.

Assuming the entire nutrient loading from the wastewater
treatment plant reached Lake Laura in addition to the baseflow
condition loadings to Lake Laura, the predicted total phosphorus
concentration in Lake Laura would be 20.5 mg/m3. This concentration
is higher than that predicted under the first scenario, and results
in defining the lake conditions as mesotrophic (TSI = 48). Plot of
the total phosphorus loading associated with this scenario shown in
Figure 8, results in Lake Laura being classified as mesotrophic.
Therefore, the addition of the entire wastewater treatment plant
nutrient loadings, assuming it all reached the lake, could also
result in near eutrophic conditions in Lake Laura. This assumption
would not hold entirely true according to the results of this study
performed during a low flow year. As discussed earlier, only about
20 percent of the loading from the wastewater treatment plant was
measured downstream from the outfall at BMO3. Therefore, although
the wastewater treatment plant could be considered a significant

nutrient source under more typical flow conditions, the wastewater
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treatment plant alone could not be considered the only source of
nutrient loadings to Lake Laura.

. The results of the model for the two scenarios discussed above
provide an idea as to the relative impact of baseflow conditions and
the wastewater treatment plant based upon data collected during 1986,
which is considered not to be an average year in terms of rainfall.
To assess nutrient loadings under more typical conditions, nutrient
export coefficients were utilized to estimate nonpoint source
loadings, which are related to the types of land use in the drainage
basin. Utilizing these nutrient export coefficients plus the
measured loading from the wastewater treatment plant, the predicted
total phosphorus concentration in Lake Laura would be 90.9 mg/m3,
over 15 times higher than that predicted under the first scenario.
This predicted total phosphorus concentration results in a TSI wvalue
of 69, indicative of eutrophic conditions. The calculated total
phosphorus loading under this scenario was 3.17 grams of phosphorus
per square meter of lake surface area per year. As shown in Figure
8, this loading results in an estimation of trophic status to be
considered highly eutrophic. Although the use of nutrient export
coefficiénts and land use is largely subjective, previous authors
have stated that the approach can provide an estimate that is
relatively accurate (Daniel, et al., 1982; Rast and Lee, 1983).
Therefore, through the use of nutrient export coefficients, nutrient
loadings during a normal year Qithout discharges from the wastewater

treatment plant would be expected to cause eutrophic conditions in

Lake Laura.
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Table 13 presents a summary of either estimated or measured
loadings for all phosphorus sources to Lake Laura. Assuming all
wastewater treatment plant effluent reached the lake and normal
precipitation occurs, the total phosphorus loading to Lake Laura
would be close to 600 kilograms per year. Based upon nutrient export
coefficients from literature, runoff from the agriculture/pasture
lands in the Lake Laura drainage basin would be expected to
contribute over 50 percent of this total load. The remaining
phosphorus load from each of the other phosphorus sources are
approximately equivalent, accounting for approximately 10 to 15
percent of the total each.

Table 14 presents a breakdown of the phosphorus sources from the
various land uses for each sub-drainage basin in the Lake Laura
drainage basin. As would be expected, the Stony Creek drainage area,
where the majority of agriculture/pasture activities take place,
accounts for almost 50 percent of the total phosphorus load from
these areas. The Orkney Springs Run drainage area, where the
majority of urban land use can be found, accounts for almost 20
percent of the total phosphorus load to Lake Laura from these
sources.A The remaining sub-drainage basins, made up of a mixture of
mostly forest and agriculture land, accounts for the remaining
phosphorus loads to Lake Laura.

Another potential source of nutrients to Lake Laura, although
not quantifiable, may be from within the lake itself. In particular,

it has been stated that eutrophic lakes which exhibit clinograde

oxygen curves during summer stratification, will also show an
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TABLE 13. SUMMARY OF THE SOURCES OF PHOSPHORUS TO LAKE

LAURA
Total
Phosphorus
Load Percent
Phosphorus Source (kg/yr) of Total
Orkney Springs Hotels Wastewater 94.6 16.3
Treatment Plant (measured)
Agriculture/Pasture Lands 330.7 56.8
(estimated)

- Forest Land (estimated) 56.7 9.8
Urban Land Uses (estimated) 94.5 16.3
Atmospheric Sources (estimated) 4.6 0.8
TOTAL 581.1 100.0
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increase in nutrient content in the lower hypolimnion (Wetzel, 1983).
This increase is due to the fact that the dissolved oxygen
concentration in the hypolimnion also regulates the exchange of
materials between lake sediments and lake waters. Particularly, as
the dissolved oxygen content in the hypolimnion decreases, the redox
potential also decreases, resulting in the release of nutrients that
were bound-up in lake sediments. The results from this study indeed
did show greater concentrations of reduced nitrogen and phosphorus
forms in the waters of Lake Laura, compared to those levels found in
the surface waters (see Table 5). Further, the median concentrations
of nutrients measured in waters are similar to levels associated
with eutrophic conditions, compared to levels associated with
mesotrophic conditions measured in the surface waters (see Table 8).
This increase in hypolimnetic nutrients would be of particular
concern in the fall when Lake Laura experiences a turnover. This
turnover destroys the stable thermal stratification experienced
during the summer, as surface waters begin to cool to temperatures
equivalent to the waters. The result of this turnover is usually
complete mixing of the lake waters. Thus, the increased nutrient
levels cdntained in the waters can be mixed with the surface waters,
resulting in a net increase of nutrients in surface waters where they

can contribute to the triggering of algal growth in the fall.

Lake Management to Control Algal Growth

Although Lake Laura did not experience algal blooms during the

course of this study, data collected indicates past and potential
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future fertile conditions in the lake waters. Further, data
collected during this study suggested that the growth of algae in
Lake. Laura is controlled or limited by phosphorus. Therefore,
successful management of the water quality of Lake Laura, in an
effort to avoid nuisance algal blooms in the future, will be highly
dependent upon the ability to reduce the phosphorus levels in Lake
Laura.

There are many control options available to control phosphorus
in lakes. These options vary in both their costs for development,
implementation, and maintenance and their overall effectiveness in
controlling phosphorus in lakes. Personnel responsible for managing
the water quality in Lake Laura must evaluate control options in
light of their relative costs and their effectiveness in achieving
the desired water quality for Lake Laura.

There are several potential phosphorus control options which
could be utilized by the lake owners of Lake Laura. In increasing

order of estimated cost, they are as follows:

o Oxidize shallow area sediments by lake drawdown;

o Modify dam operations to release the nutrient-rich waters;

o Implement Best Management Practices (BMPs) in the Lake Laura
watershed;

o Apply algicides when algal blooms occur;

o Install a hypolimnetic aeration system;

o Oxidize shallow area sediments by chemical application;

o Remove accumulated sediments from the shallow waters of Lake
Laura;and

o Undertake phosphorus removal at the Orkney Springs Hotels
STP.

Table 15 presents a summary of the basic advantages and
disadvantages of each control option described above. Following are

brief discussions of these control options as they relate to use for
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managing the water quality in Lake Laura.

Oxidizing shallow area sediments in Lake Laura can be effective
in controlling the release of nutrients from these sediments under
water. Shallow areas in the southern end and along the shoreline of
Lake Laura can be exposed through the drawdown of the lake level via
operation of the dam outlet structure. During exposure, the sediment
oxygen demand is reduced and the oxidation state of the sediment
surface layer increases, thereby retarding nutrient release upon lake
filling. The effectiveness of this control option will depend upon
how much of, and how long, Lake Laura can be kept at low levels
during the recreational off-seasons (i.e., late fall, winter, early
spring). The main advantage to this control option, other than
reducing in lake nutrient levels, is the zero to low cost to develop
and implement this practice. Control mechanisms already exist at the
current dam structure that would allow lake drawdown. There are two
main disadvantages to this control option. First, lake drawdown only
assists in reducing the internal lake loading of nutrients. It doe
not control the input of nutrients from external sources. Secondly,
prolonged drawdown of Lake Laura could temporarily impact the water
balance in the streams which currently receive overflow from the

lake.

The second control option involves the removal of nutrient-rich
waters from Lake Laura. The waters of Lake Laura can be removed by
modification of the current dam structure to draw from the of the
structure as opposed to utilizing the spillway which drains surface

waters. At water concentrations measured during this study, this
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control option could result in the removal of internal nutrient loads
equivalent to estimated external nutrient loads during periods of
lake stratification. The removal of these waters will also reduce
the availability of nutrients to algae during fall and spring
turnover. This control option, in conjunction with other watershed
BMPs, has been documented to be an effective control option and
resulted in increased lake clarity of a eutrophic lake (ASIWPCA,
1985). The main advantage for this option is the zero to low cost
associated with implementation. The existing dam structure would
need only be modified slightly to accommodate the release of water
from the lake . The primary disadvantage of this option is that the
external sources responsible for increased nutrient loads to Lake
Laura would not be controlled or reduced.

The third potential option for consideration is the
implementation of watershed BMPs to manage the pollution generated by
nonpoint sources to Lake Laura. The BMPs that should be considered
as most important for the Lake Laura watershed, based upon
information collected during this study, include the following:

o Dairy cattle and horses should be restricted from direct
access to stream beds in the watershed. In particular,
fences could be installed along stream beds to confirm both
cattle and horses. Restriction of livestock has been shown
to be very effective in reducing total phosphorus loads by
50-90 percent (U.S. Environmental Protection Agency, 1984).

o Manure stockpiling practices, particularly in the Stony
Creek subdrainage basin, should be discontinued, or
mechanisms to collect or divert runoff from these
stockpiles should be installed. Manure storage runoff
controls are very effective at reducing the total

phosphorus content in runoff. Particularly, reduction of
75-100 percent have been documented (U.S. Environmental

Protection Agency, 1984).




o Cropping and fertilization management practices in the Lake
Laura watershed could be modified or improved. Certain
cropping techniques (i.e., conservation tillage, contour)
have shown to be very effective in reducing nutrient loads
during runoff. Certain management techniques for
fertilizer use have also shown to be effective in retaining
nutrients in cropland soils (Novotny and Chesters, 1981).

The primary advantage of the implementation of the BMPs
described above is that external nutrient loads to Lake Laura can be
effectively reduced. The disadvantage to the use of the BMPs
described above is that their effectiveness will depend upon the
cooperation of the several different basin land owners and farmers.
Even thoughldevelopment costs may be low to moderate for the BMPs, it
will be these land owners and farmers who may have to bear some of
the costs.

Application of algicides during algal growth, is another
management technique that is widely used for control of algae growth.
Some common algicides that are used include copper sulfate and
cutrine. The reason that chemical control of algae is widely used is
that algicides can be applied to infested areas rapidly, resulting in
the die-off of algae over a short period of time. The disadvantages
of chemical control of algae growth outweigh the advantages for use
in Lake Laura. First, the cost of applying algicides can be very
high depending upon the magnitude of the algal bloom experienced in
Lake Laura. Second, the large die off of algae will result in the
deposition of large quantities of organic matter. This high organic
matter loading to the lake will increase the hypolimnetic oxygen

demand and nutrient content in the lake sediments. Third, toxic

pollutants contained in algicides (i.e., copper) can accumulate in
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lake sediments over time after several applications. The
accumulation of toxic pollutants in Lake Laura sediments can result
in harmful long-term effects to the lake environment and biota.
Finally, the application of algicides would only be considered a
short-term measure to control algae growth. Neither internal or
external nutrient sources to Lake Laura are controlled.

The installation of a hypolimnetic aeration system in Lake Laura
would result in the reduction of the loading of nutrients from
release from the lake sediments by increasing dissolved oxygen
levels in the hypolimnion. A hypolimnetic aeration system can also
cause turbulence throughout the water column, resulting in continuous
turnover of the lake waters. This turnover will breakup any thermal
barriers which would effect internal nutrient transport during
periods when stratification would normally occur (i.e., summer).
Overall, the installation of a hypolimnetic aeration system should
result in the net increase in the deposition and retention of
nutrients in the lake sediments. This control option has been shown
to be successful in application to lakes similar to Lake Laura in
size and purpose (Stein, et al., 1985). The advantage to this
control option is that the loads from the internal source of
nutrients to Lake Laura are reduced. Another advantage is that
implementation and maintenance costs of an aeration system would be
low to moderate, made up of primarily costs to operate an air
compressor. The disadvantage of this control option would be that
external nutrient loads to Lake Laura would not be controlled or

reduced. Another disadvantage of this option would be the moderate
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to high costs for development. Development costs would include
engineering design and capital costs for the aeration equipment and
distribution system.

The sixth potential control option for Lake Laura involves the
application of chemical oxidizers (i.e., nitrate salts) in shallow
areas of Lake Laura. These chemical oxidizers serve as alternate
terminal electron acceptors and keep the redox potential in the
waters relatively high. Under these oxidizing conditions, phosphorus
remains a relatively insoluble compound and is controlled from being
cycled back into lake waters. The advantage of using chemical
oxidizers is that internal phosphorus loads are controlled. One of
the disadvantages is that external sources of nutrients are not
controlled or reduced. Further, the costs for application of
chemical oxidizers can be moderate to high, depending upon the number
of applications that would be needed to effectively control nutrient
loads, especially during stratification periods.

The application of accumulated sediments from lakes (i.e.,
dredging) has become a widely used technique for lake water quality
management. Dredging of lake sediments results in the removal of
nutrients which have accumulated in sediments and the exposure of
nutrient-poor materials to lake waters. Dredging has been documented
to be very effective in improving lake water quality, especially when
internal cycling of phosphorus between the lake sediments and water
is considered a major phosphorus source. In particular, reduction of
phosphorus concentrations by 90 percent in lake waters have been

found (Dunst, et al., 1974). The primary advantages of nutrients
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associated with sediments can be reduced, resulting in a potential
long-term solution to eutrophic conditions in a lake. The
disa@vantages of dredging include high cost, generation of spoils,
and no reduction of external nutrient sources. For Lake Laura,
dredging costs can be kept down at least initially by only dredging
the shallow areas of the lake during lake drawdown. In particular,
dredging during lake drawdown in shallow areas will allow the direct
access to the lake sediments by removal equipment (i.e., front-end
loaders). This method would be less expensive and more efficient as
opposed to removal of sediments under water with external removal
equipment (i.e., mechanical or hydraulic dredges). Regardless of
dredging technique, dredged material will need to be disposed of
properly. In particular, a spoil (dredged material) disposal site
would have to be obtained, and runoff from the disposal site
controlled to avoid discharge of removed pollutants back into a water
body. Dredging of lake sediments can also result in the release of
nutrients bound-up in sediments, making them available for algal
growth. The degree of release will depend upon several factors
including the type of dredging equipment used, the duration of
dredging activities, and the actual quantity of sediment dredged.
Finally, dredging of Lake Laura will only solve the immediate problem
of algae growth. Dredging will not control the external nutrient
sources to Lake Laura, which may be the primary cause of the algal
blooms.

The final potential management option for Lake Laura involves

the installation of nutrient removal processes at the Orkney Springs
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Hotels STP. There are several processes that could be added to the
current treatment processes at the Orkney Springs Hotels STP. The
most. common process utilized for phosphorus removal in wastewater
treatment plants involves chemical precipitation using aluminum or
iron coagulants, followed by lime settling. The addition of
phosphorus removal processes can result in removal of 80-90 percent
of the phosphorus load from the Orkney Springs Hotels STP (Hammer,
1975). However, based on the results of this study, the Orkney
Springs Hotels STP only contributes approximately 15 percent of the
total phosphorus load to Lake Laura (assuming the entire load
discharged reached the lake). Further, Virginia legislation has
banned the sale of phosphate detergents. The bill was recently
passed by the Virginia General Assembly in early 1987. Various
studies have shown that phosphate bans have resulted in a decrease in
phosphorus loadings. In particular, it has been documented that
wastewater treatment plants observed a 42 percent decrease in mean
phosphorus effluent loadings as a result of phosphate-bans. Assuming
the same relative effectiveness would apply to the Orkney Springs
Hotels STP, the total loading of phosphorus to Lake Laura from what
is curreﬁtly estimated to be around 15 percent, would be reduced to
somewhere around 7 percent. The primary disadvantage of installation
of a nutrient removal system at the Orkney Springs Hotels STP is the
high cost for construction, operation, and maintenance. These high
costs need to be weighed against the fact that the overall reduction

of nutrient loads to Lake Laura may not be significant enough to

prevent algal blooms.




CONCLUSIONS

.Data collected during this study showed the surface waters of
Lake Laura to be only moderately enriched, resulting in a mesotrophic
classification (TSI = 49). The mesotrophic condition this year is
believed to be due to the atypically dry hydrologic year experienced
at Lake Laura. This lack of rainfall probably resulted in a decrease
in nutrient loadings from drainage basin runoff. Further, the
loadings from the Orkney Springs Hotels wastewater treatment plant
were probably reduced from that experienced during normal years due
to extreme low flow in the receiving stream.

In spite of this, a past history of fertile conditions in Lake
Laura was evident. Hypolimnetic oxygen levels were found to be close
to anoxic and dissolved oxygen profiles in the deeper areas of the
lake resembled clinograde curves, characteristic of eutrophic lakes.
Lake Laura also appeared to have a large mass of nutrients bound in
sediments. The water concentrations of reduced nitrogen and
phosphorus forms were both over twice as great than those in the
surface waters. The release of these nutrients would be expected due
to the réduced oxygen levels found in the hypolimnion during
stratification.

Due to the atypical hydrologic conditions experienced during
this study, an assessment of the sources from the upstream drainage
basin was not entirely possible because little surface runoff

occurred. In observing stream water quality, however, the highest

nutrient concentrations were found in the Orkney Springs Hotels STP
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effluent. All other stream water quality was observed to be good in
terms of nutrient levels and other water quality parameters. Samples
taken during one stormwater event in late November 1986, however,
indicated a substantial increase in nutrient concentrations in the
tributaries to Lake Laura over concentrations measured during base-
flow periods. Therefore, under more typical hydrologic years, the
nonpoint source loadings would be expected to have a greater impact
on Lake Laura water quality.

Nutrient export coefficients were utilized to examine potential
nutrient sources from runoff from the various land uses in the Lake
Laura drainage basin. Runoff from agriculture/pasture lands would be
expected to contribute over 50 percent of the estimated total
phosphorus loading to Lake Laura. This is not surprising in light of
the location of the majority of agricultural/pasture land along Stony
Creek (the main tributary to Lake Laura) and the practices of basin
land-owners which include uncontained stockpiling of manure and
allowing direct access of dairy cattle and horses to the lake
tributaries.

Together, runoff from agriculture/pasture land and effluent from
the Orkney Springs Hotels STP, which contributes around 15 percent of
the total phosphorus load, would appear sufficient to maintain Lake
Laura in a highly productive state. These external sources are also
supplemented by internal (lake sediment) nutrient sources during
stratification in the summer months. This will only intensify the

potential for algal blooms in the future.

Based on results from this study, Lake Laura appeared to be
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phosphorus limited. Therefore, management options that should be
considered to control future algal blooms should primarily focus on
phosphorus controls. Several control options can be utilized to
effe;tively control the algal blooms in Lake Laura. These control
options range from simple, low cost options such as lake drawdown,
implementation of watershed BMPs, and algicide application to more
complex and expensive options such as lake dredging and the addition

of phosphorus removal processes at the Orkney Springs Hotels STP.




RECOMMENDATIONS

.The water quality of Lake Laura is greatly influenced by its
role as a flood water control system. Runoff from
agricultural/pasture lands appear to be the most significant source
of nutrients to Lake Laura. Further, the effluent from the Orkney
Springs Hotels wastewater treatment plant can also contribute up to
15 percent of the nutrient loadings to Lake Laura. The excessive
nutrient loadings from these sources have affected the chemical and
biological characteristics of the lake in the past, resulting in
eutrophic conditions. These conditions need to be improved,
especially when other uses for Lake Laura (e.g., recreation) are
important.

The results of this study, which only covered the period from
June to November, 1986, would make it difficult to recommend a full
lake management plan for Lake Laura. Thus, the first recommendation
would be to suggest further research of Lake Laura, particularly
since this study was performed during an unusually dry year. Further
studies should focus on the nonpoint source loadings of nutrients to
Lake Laufa, especially during runoff conditions and lake sediment
nutrient concentrations and their effect on phosphorus loads and
availability to the lake waters.

However, study results do point to the cause of the algal blooms
in the past to be most-likely due to the excessive input of
phosphorus into Lake Laura. Therefore, beginning to control the

phosphorus inputs to Lake Laura, assuming a constant output from the
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lake is maintained, will probably assist in avoiding algal blooms in
future years. Many control were discussed as being applicable to
Lake. Laura. Due to the uncertainty of the water quality of Lake
Laura in the future (i.e., will the algal blooms occur next year?),
it is recommended that a conservative approach to Lake Laura water
quality management be taken. In particular, the zero- or low-cost
control options be implemented first, keeping in mind that future
water quality degradation (i.e., excessive algal bloom occurrence)
require the investment of more costly and effective control measures.
Initially, it is recommended that the Bryce Mountain Resort
consider implementation of the low cost control options including
lake drawdown, hypolimnetic water release, and watershed BMPs. The
first two options would be under the control of the Resort, would
involve little to no cost to implement, and would provide a reduction
in the internal release of nutrients to the lake waters. Virginia
law will prohibit the use of phosphate detergents in the near future.
Although this phosphate detergent ban will probably not result alone
in a marked difference in Lake Laura water quality, the reductions of

phosphate loads resulting from the ban in conjunction with other

low-cost controls may prove to be adequate to control the algal

blooms in Lake Laura. The final low-to-no cost control option that

is recommended is the implementation of watershed BMPs. Although
this control option would require further investigations into current
practices within the basin and the cooperation of several basin
landowners, it could have the largest impact on the improvement of

the Lake Laura water quality. To assist in the evaluation of which
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BMP practices would be most beneficial to Lake Laura, it is
recommended that the Resort consult with local and State agencies
responsible for the abatement and control of nonpoint pollution.
Examples of such agencies include:

o Virginia Tech Cooperative Extension Service

o USDA Soil Conservation Service

o State Soil and Water Conservation District Offices.

The Resort can begin immediate implementation of some BMPs on
their own. Specifically, horse access along the horse barn and
headwaters of the lake should be restricted.

The remaining options discussed would require greater
expenditures of resources then those described above. However,
should algal blooms reoccur in Lake Laura, these options should be
considered for use in Lake Laura. Only one of the remaining options,
installation of nutrient removal at the STP, would result in the
reduction of external sources of nutrients. However, as a control
option alone, the costs for installation of nutrient removal would
not merit the overall reduction of nutrients discharged to Lake
Laura. The remaining options could be utilized if external nutrient
sources could not be controlled. The addition of chemical oxidizers
in shalléw areas or installation of a hypolimnetic aeration system
would reduce the internal phosphorus loads for the lake sediments.
Dredging would remove the nutrient-rich sediments, and applications

of algicides would kill-off algal blooms during growth periods.
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COMMONWEALTH of VIRGINIA

STATE WATER CONTROL BOARD

Ai:~ard N. Surton .
: A 2111 Hamilton Street
Permit No.: VA 0028401
P ice Box 43
ka::d?f\:lrvini. 2;;;01143 Effective Date: 30 June 1984

{804) 257-0086 Modification Dace: 9 August 1985
Expiration Datae: 30 June 1989

AUTHORIZATION TO DISCHARGE UNDER THE
NATIONAL POLLUTANT DISCHARGE ELIMINATION SYSTEM
AND
THE VIRGINIA STATE WATER CONTROL LAW

1. In compliance with the provisions of the Federal Water Pollution
Control Act and pursuant to the State Water Control Law and regulations
adopted pursuant thereto,

Orkney Springs Hotels, Inc. and
Wilmer E. Moomaw, Treasurer

is authorized to discharge from a facility located at Orkney Springs Hotels Sewag:
Treatment Plant (Point Source 00l), Route 723, approximately 0.1 mile SE of Route.
263/723 intersection, Orkney Springs, Shenandoah County

to receiving waters named unnamed tributary of Stony Creek, Potomac Basin,
Shenandoah Subbasin, Section 6, Class IV, Special Standards: pH 6.5-9.5

in accordance with the effluent limitations, aonitoring requirements,
and other conditions set forth in this permit.

2. Design and operation of facilities and/or treatment works and disposal
of all wastes shall be in accordance with the application filed with
the State Water Control Board and in conformity with the conceptual
design, or the plans, specifications and/or other supporting data
approved by the Board. The facilities shall be operated in accordance
with the conditions of the permit.

3. The approval of the treatment works conceptual design or the plans and
specifications does not relieve the permittee of the responsibility of
designing and operating the facility in a reliable and consistent manner
to meet the facility performance requirements in the permit. If facility
deficiencies, design and/or operational, are identified in the future
which could affect the facility performance or reliability, it is the
responsibility of the permittee to correct such deficiencies.

Executive Director, Stacg Wafer Control Boara

Date

Rev. 12-82 .
An Affirmative Action/Equal Opportunity Employer .
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PERMIT NO. VA 0028401
Page 2 of 2

SPECIAL CONDITION

1.

This permit shall be modified or alternatively revoked and reissued
to comply with or reflect the evaluations and/or recommendations

of the Disinfection Task Force and any resulting effluent standard
or limitation.




APPENDIX B

LAKE LAURA SAMPLING RESULTS




LAKE LAURA SAMPLING DATA
STATION LLO1

DATE DATE DATE DATE DATE DATE DATE
(6/13/86)  (7/12/86)  (7/26/86) (8/9/86) (9/6/86)  (9/20/86)  (10/25/86)

SECCHI (ft) 9.2 8.0 7.9 8.1 5.4 10.1 8.0

ALK. SURF. 49.4 42.7 44.5 47.0 47.4 49.4 52.3
(mg/l CaC03) (1.1 [2.4] [2.3) (2.1} [1.8}
[phtl]

ALK. BOTT. 50.8 55.9 58.9 62.9 56.0 77.5 77.2
(mg/l CaCO3)

COND. SURF. 100 110 119 115 108 109 95
(umhos)

COND. BOTT. 65 90 95 99 115 112 119
(umhos)
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LAKE LAURA SAMPLING DATA
STATION LLO3

DATE DATE DATE DATE DATE DATE DATE
. (6/13/86)  (7/12/86)  (7/26/86) (8/9/86) (9/6/86) (9/20/86)  (10/25/86)
SECCHI (ft) 5.5 7.3 7.5 8.0 5.9 8.8 6.8
ALK. SURF. 49.6 45.0 44.8 47.9 49.3 48.6 52.6
(mg/l CaC03) [9.21 [2.5] [2.1] 2.1 .71
[phtl]
ALK. BOTT. 44.6 36.3 42.1 43.0 48.9 51.0 53.9
(mg/l CaCo03)
COND. SURF. 95 110 118 119 110 110 99
(umhos)
COND. BOTT. 65 80 82 91 98 102 101
(umhos)
pH SURF. ND 7.9 8.0 7.9 7.0 8.0 7.3
pH BOTT. ND 6.0 6.3 6.3 6.5 7.1 7.0
TEMPERATURE (C )
1.0 ft. 24.5 25.0 27.3 26.0 21.9 20.6 14.1
2.5 ft. 24.5 25.0 27.2 26.0 21.7 20.2 14.2
5.0 ft. 24.0 25.0 27.2 25.6 21.3 20.1 14.2
7.5 ft. ND 24.5 27.1 25.5 21.1 20.0 14.2
10.0 ft. 19.0 23.0 26.0 25.3 20.8 20.0 14.1
15.0 ft. 12.5 15.5 19.8 21.0 19.6 18.9 14.0
17.0 ft. 13.0 11.0 14.0 16.5 16.8 18.0 14.0
D.0. (mg/l)
1.0 ft. 9.0 7.2 8.6 9.1 8.2 8.5 8.7
2.5 ft. 9.0 6.9 8.6 9.2 8.1 2.6 8.5
5.0 ft. 8.9 6.8 8.6 9.3 8.1 :.5 8.6
7.5 ft. ND 6.8 8.6 9.3 7.9 8.5 8.5
10.0 ft. 7.1 6.8 7.6 8.8 7.6 8.3 8.3
15.0 ft. 9.0 6.3 1.7 2.4 5.6 5.3 7.8
Bottom ft. 10.5 1.4 0.7 0.7 0.4 2.5 6.9
Ortho-P (mg/l)
Surface BDL BDL BDL BDOL BDL BDL 8DL
Bottom BDL BDL 0.01 8DOL BDOL BDL BOL
Total P (mg/l)
Surface 0.02 0.03 BDL 0.02 BDL 0.01 0.02
Bottom 0.03 0.10 0.06 0.05 0.01 0.02 0.02
Ammonia-N (mg/l)
Surface 0.01 0.03 ND 0.02 0.02 0.03 0.03
Bottom 0.02 0.09 0.13 0.08 0.05 0.05 0.02
TKN (mg/l)
Surface 0.35 0.50 0.30 0.21 0.51 0.23 0.45
Bottom 0.34 0.83 0.55 0.48 0.51 0.28 0.38
Oxidized-N (mg/l)
Surface BDL BDL BDL BDL BDL BDL BDL
Bottom BOL BDL 0.02 BOL BOL BDL BOL
Chl a (ug/l) ND 1.1 5.8 4.8 23.0 6.6 6.2

BOL=BELOW DETECTION LIMITS

ND=NO DATA




SECCHI (ft)

ALK. SURF.
(mg/l CaC03)

(mg/l CaCO3)

COND. SURF.
(umhos)

COND. BOTT.
(umhos)

pH SURF.

pH BOTT.

TEMPERATURE (C )
ft.

2.5 ft.
5.0 ft.
7.5 ft.

D.0. (mg/l)
1.0 ft.
2.5 ft.
5.0 ft.
7.5 ft.

Ortho-P (mg/l)
Surface
Bottom

Total P (mg/l)
Surface
Bottom

Ammonia-N (mg/l)
Surface
Bottom

TKN (mg/l)
Surface
Bottom

Oxidized-N (mg/l)

Surface
Bottom

Chl & (ug/l)

DATE
(6/13/86)

6.8
44.6

54.4

105

105

BDL

BDL=BELOW DETECTION LIMITS

ND=NO DATA

DATE
(7/12/86)

5.8
44.0

[2.73
44.9
110
120

8.5
8.0
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LAKE LAURA SAMPLING DATA

STATION LLO4

DATE
(7/26/86)

5.5

44.8
[1.6)

46.0
[2.0]
119
121

7.9

3.8

DATE
(8/9/86)

DATE
(9/6/86)
5.5 5.8
45.5 48.9
[1.2) [2.21
46.9 49.6
[1.2]
119 112
119 112
7.8 6.9
7.8 6.9
26.0 22.5
26.0 22.0
25.5 21.9
25.5 21.9
9.1 8.1
9.1 7.9
9.1 7.8
9.3 7.8
BOL BDL
BOL BDL
0.02 BDL
0.02 0.20
0.02 0.04
0.02 0.02
0.29 0.46
0.25 1.51
BDL BDL
BOL BDL
7.2 22.0

DATE
(9/20/86)

6.0
50.5

49.5

112

m

DATE
(10/25/86)

5.1
53.9

54.3

100

100




APPENDIX C

LAKE LAURA DRAINAGE BASIN SAMPLING RESULTS

87




88

1v'0 6%°0 &2°0 10°0 ve' o
8z°0 60°0 8E"0 sgo'0 &2°0
10°0 £0°0 20°'0 10°0 20°D0
-ag 1ad aag 14ag 20°0
ag 1as ce aa as

9°9 S°9 VAR 2°9 %9

08 79 £L 1°'8 Ll

S 11 0971 PN 061 S'12
292 2Lz 692 0sz =1=P4
2°89 S°L9 1°29 &°09 8°8S
(98/52/01) (98/02/6) (98/9/6) (98/6/8) (98/92/¢L)

3lvad Jivda Jivad 3lva Jiva

TOWE NOTLYLS
Y1iva ONITIdWYS waneT v

62°0
gg°0
£€0°0
s0°'0
a8
&°9
S'8

S'67

2748

(98721/L)
Jlva

LIWIN

&0

v8°'0

€0°0

£0°0

a8
aN

9L

szZ
VL9

(98/€1/9)
aLva

NOT123130 MmO73g8="a4d

Y190 ON=aN

(1/6w) N pazipixQ
(1/6w) NXL

(1/6w) N-elUOWWY
(1/6w) d 1e30]
(1/8w) g-0y34Q

Hd

(1/8w) 0@

( 3) FANLYIMWIL

(soyun)
ALTATLINANOI

(1w ootT/31e)
ALINTIOM Y




89

S1'0
L1°0
ad
10°0
1asa
9L

B 6

SLt
IR WA

(989/52/01)
31va

(00
1as
ag
10°0
1as
L L
96

S°'G1

061

8221

(98/02/6)
31va0

¥0'0
ot°o
10°0
T1ag
ag

9L

£°ST

187

1°L17

(98/9/6)
Jiva

-1ag
.0°0
70°0
20’0
aag
PN
S'6

081

S81

821

(98
3

YLIVQA ONITdWYS vaNYT 3dvT

?0°0
s1°0
FAURNN]
20°0
a8
0¢
g'e

L 67

LT

T B &b

/6/8) (98/92/L)
1va Jiva

Z0WE NOT1VLS

20°0
v0°'0
10°0
9L
z2°8

g 8t

SLT

2 201

(98/21/L)
3iva

&0°0
£2°0
20’0
200
10°0
an
S8

0°&7

oet

2°S8L

(98/£1/9)
3lva

LTWIT NOTL133130 MmOT138=108
viva ON=0N

(1/6w) N-pazipIxQ

(1/76uw) NIL

(1 /6w) N-®I1UCWWY

(l/8w) 4 je310]
(1/8w) d-0434Q
Hd

(1/6w) "0 Q

(J) FaNlva3dw3al

(soyun)
ALIATLINANOD

(tw oatsai1e)
ALINTIWNY



PAV I/
2.°0
10°0
2s°'0

2% 0

90

PANA

0'8

2€€

0-oor

Kom\mN\Dﬂv

3a1va

Loy
1077
y0'0
L9°0
GS'0
£

&L

S'97

aav

AN A

(98/02/4)
Jiva

91" L9°E 70°0
18°0 £68°0 2L a
£0°0 ¥0°'0 20°'0
¥6°0 £5°0 8v°'0
v6°'0 "7°0 -ag
D¢ &°9 L9
0L 9L 1°¢
891 1°61 2'12
SZe S6E 25E
VAR VARAR* L 06
(98/9/6) (98/6/8) (98/92/L)
3ivad Jlva 3iva

£0WE NOTLVYLS
ViVQ ONTIdWYS vang 3Iny

0L°0

090

(98/21/L)
Jlva

LIWIT NOTL1DJ3130 mo3g="108

48°0
8e°0
20°'0
PA]
12°0
aN
S'8

S 12

0%z

2°E9

(98/£1/9)
3lva

v1iva ON=ON

(1/Bw) N-pazipiIxQ
C1/8w) NHIL

(1 /6w) N-PlUDWwy
(1/6w) 4 1e3zo}
(1/6w) 4-pDy3iJQ
Hd

(1/6w) 0@

(¢ J) 3JdNivaadwiL

(soyun)
ALIATLINANOD

(1Y potT/%1e)
ALINTIONY




91

61°0
v1°0

ks

8.7

LTLTT

(98/62/01)
3lva

01°'no

-as

ON

10°0

10°0

0 o
o™~

[y
8
—t

gert

€411

(98/02/6)
diva

62°0
91°0
£0°0
£0°0
£€0°0
S

£'8

08t

661

921

(98/9/6)
3iva

s0°'0
0tr°'o
ON
20°'0
aas
2L
?°6

s'02

LT

S e07

(98/6/8)
Jiva

88°1
&71°0
20°0
¥0°0

10°0

£81

£°98

(98/92/L)
diva

70W8 NOT1VLS

Viva INTIdWYS wany 3dg7

82°0

oe’0

20°'0

700

v0°0

Ll

£°L

%6

(98/721/L)
31va

22°0

LT°0

1as

v0°0

20°0
aN

1°6

8 £L

(98/£1/9)

1TWIN

31vd

Sz
NOT123130 mo13g="04g
v1vad ON=ON

(1/8w) N-Paz!pP1x0
(1/8u) NXL

(1 /6w) N-BlUOUWWY
(1/6w) o |eiog
(1/8w) d-04340

Hd

(i/6w) -"0°Q

(J) FNLV¥IdW3L

(soyun)
ALTATLINANOID

(fw pot/sy1e)
ALINITIUNWY




92

16°0
82 %2
£9°61
0%
0"y

¥900°0

049

L 792

(98/92/01)
3iva

£6°0
zv 0E
an

£0°L
92°9

¥010°0

0o0e

6° 062

(98/02/6)
Jlva

sv'0
8y 1Yy
aN

816
aN
9¢.00°0

2L

Y eER

(98/9/6)
3ivd

as
£8°EE
so0'0
se’'8
W\
%S00°0
0'¢
82

6°€2

0ee

0°80&

(98/6
Jiv

vivda

1as
T1°1Y
rASY
61°8
€070
8c10°0
679

vz

nse

S 90e

/8) (98/92/L)
a Jiva

S0d1lS NOILVIS
INITdWYS VanNvy 3NV

aag
06" ve
aN

ON

8L Y
B8E£1I0°D
&°9
22

0°91

0.9

0162

(968/721/2)
3lva

0z

SLIWIT

0

9S5° 61

98°€71

1Yy

S8°'E

8z00°0

anN

ON

aN

aN

aN

(98/€£1/9)

Jiva

v.iva ON=0ON
NOT1123130 MO138="108

(1/6w) N-PazIpPIXQ

(1/6w) NIL

(1 \mEv N-8luouuy

(1/6w) d |®30)

(1/6w) 4-04340

(PBw) MOTd
Hd
(1/8w) "0°Q

(J) JaNlva3dW3al

(soyun)
ALTATLINGNOD

(tw govsiie)
ALINITVIY




The vita has been removed from
the scanned document





