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ASSESSMENT OF LOW-FLOW WATER QUALITY

IN RICHLAND CREEK, ILLINOIS

By W. O. Freeman and A. R. Schmidt

ABSTRACT

Relations among several stream processes and concentrations of dissolved
oxygen and other constituents were evaluated for a 30.1-mile reach of Richland
Creek in southwestern Illinois, by comparing measured data with computer-
simulated data. Measurements, made during periods of low flow, were used to
calibrate and verify the QUAL-II one-dimensional, steady-state, water-quality
model (Southeast Michigan Council of Governments' version). Equations for
predicting reaeration rates were chosen from existing equations by comparing
the predicted values with values that were measured using a steady-state, gas-
tracer technique. Equations for predicting traveltimes were also developed
from these measurements. Water samples were collected from the creek and
known inflows during two 24-hour (diel) periods in July and Auqust 1984.

These samples were analyzed for up to 60 chemical constituents.

Diel dissolved oxygen concentrations in Richland Creek were as low as
0.1 mg/L (milligram per liter). During the two diel periods, the subreach of
Richland Creek between RM (river mile) 29.0 and RM 23.0 had the lowest dis-
solved oxygen concentrations. Maximum diel dissolved oxygen concentrations
throughout this subreach were seldom greater than the State's minimum standard
of 5 mg/L. Model simulations indicated that sediment oxygen demand was the
most important factor causing dissolved oxygen depletion in this critical
subreach. Other factors such as biochemical oxygen demand and ammonia oxida-
tion were overshadowed by the large sediment demands.

The maximum total iron concentration was 2,979 ug/L (micrograms per liter)
compared to the State standard of 1,000 ug/L. The maximum manganese concentra-
tion was 1,046 ug/L compared to the State standard of 1,000 pg/L. The maximum
copper concentration was 47 ug/L compared to the State standard of 20 ug/L.

The maximum ammonia concentration for the two diel periods was 6.8 mg/L as
nitrogen, and the pH and water temperature of the stream were such that the
calculated un-ionized ammonia concentration exceeded the State general-use
water-quality standard of 0.04 mg/L at four sites during the July diel study
and at six sites during the August diel study.

Moder simulations using hypothetical water-quality conditions indicated
that a reduction of ammonia concentrations in wastewater treatment facility
effluent would not greatly improve un-ionized ammonia concentrations in the
creek. A simulation using a reduced sediment oxygen demand in the subreach of
the creek between RM 30.0 and RM 27.1 improved dissolved oxygen concentrations,
bringing them above the State minimum standard.



INTRODUCTION

The Richland Creek basin is in the St. Louis metropolitan area. Urban
development can affect the water quality of nearby streams, making it neces-
sary to carefully plan and implement good management practices for these
basins. The population in the basin is increasing, from 55,388 in 1970 to
57,480 in 1980, an increase of about 3.6 percent (U.S. Census Bureau, 1980).

Previous water-quality studies have shown that dissolved oxygen and some
other constituents did not comply with the State of Illinois general-use, water-
gquality standards (Illinois Environmental Protection Agency, 1976; Southwestern
Illinois Metropolitan and Regional Planning Commission, 1978; and Freed and
others, 1980). Water-quality monitoring studies of Richland Creek conducted
by the IEPA (Illinois Environmental Protection Agency) show that between 1970
and 1976 dissolved oxygen concentrations were below the State minimum standard
of 5.0 mg/L in 39 percent of the samples collected. A minimum concentration
of 0.0 mg/L was measured at the Survey (U.S. Geological Survey) gaging station
near Hecker (05595200) (Illinois Environmental Protection Agency, 1976). A
similar study by Southwestern Illinois Metropolitan and Regional Planning
Commission (1978) also identified low dissolved oxygen concentrations in
subreaches of Richland Creek. These studies, as well as a study by Freed and
others (1280), showed that other chemical constituents, including pH, iron,
and manganese, also were in violation of the State general-use water-quality
standards. This indicated that management practices were no longer adequate
to maintain the stream quality.

Combined sewers, WWTFs (wastewater treatment facilities), industrial dis-
charges, and several nonpoint sources such as runoff from coal mine tailings
(gob piles), agricultural land, and feed lots are present in the basin. All
of these have the potential to degrade the water quality of Richland Creek.

The IEPA has the primary responsibility for reviewing water-quality stan-~
dards for streams and suggesting management plans and discharge limitations
needed to achieve those standards. Data to define the chemical, physical, and
biological interactions that control the water quality are needed to develop
an understanding of stream processes. The best means to interpret this data
and evaluate management alternatives is through the use of a computer water-
quality model.

This report is the result of a cooperative effort by the Survey and the
IEPA to describe the low-flow water quality of Richland Creek and to calibrate
and verify a digital water-quality model for use by the IEPA in suggesting
management plans for the basin. This report is the second in a series of
reports that describe the low-flow water quality of Illinois streams (Freeman
and others, 1986).

This report helps to fulfill some of the goals of the Federal-~State
cooperative program by providing the data needed to evaluate the quantity,
quality, and use of Richland Creek. The physical, chemical, and biological
characteristics described through this interpretive investigation provide the
information necessary for the best use and management of these water resources.



Purpose and Scope

The purposes of this report are to present low-flow water—quality data
for Richland Creek during the period of June through September 1984; to iden-
tify stream subreaches where State general-use, water-quality standards are not
met; to describe environmental factors in those subreaches that contribute to
the poor water quality; and to evaluate existing or modified management actions
that affect water quality. )

The scope of this investigation was to evaluate water quality during two
periods of approximately steady-state, low-flow conditions. Chemical, physi-
cal, and biological measurements were made during low-flow periods in July and
August 1984. These measurements were used to evaluate the average daily
trends of constituent concentrations and to calibrate and verify the Southeast
Michigan Council of Governments' version of the QUAL-II steady-state, water-
quality model as described by the National Council of the Paper Industry for
Air and Stream Improvement (1982). The model was used to simulate water-
guality characteristics such as BOD (biochemical oxygen demand), SOD (sediment
oxygen demand), and algal growth and respiration, along with the effects of
the streamfiow and channel characteristics on the dissolved oxygen, ammonia,
nitrite pius nitrate, and phosphorus concentrations in the stream.

The mcdel was used to identify environmental factors that cause water-
quality standards in a subreach to be exceeded and thereby indicate possible
actions to reduce the effects of those factors.

Study Area

Richland Creek drains 248 mi2 (square miles) of Monroe, St. Clair, and
Randolph Counties in southwestern Illinois (fig. 1). The creek flows 39.7
miles from its headwaters near O'Fallon, Illinois, to the Kaskaskia River.

The study reach includes 30.1 river miles from a point near its headwaters

(RM 38.1) downstream to Monroe County road LL (RM 8.0) (fig. 2). Table 1
lists the data-collection sites referred to in figure 2. The watershed of
Richland Creek is predominantly agricultural except along the upper subreaches
where the creek flows through two urban areas, Swansea (population 5,347) and
Belleville (population 41,580) (U.S. Census Bureau, 1980).

The study reach drains 223 mi2 and includes several tributaries and eight
WWTFs. Nine of the tributaries were monitored. Three of these tributaries
receive treated wastewater (table 2). There has been some mining in the
basin; however, there were no active mining operations during this study and
most of the old mine areas were well reclaimed. Runoff from some gob piles in
the northern part of the basin may affect the upstream subreaches of Richland
Creek.
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Table 1.--Data-collection sites

[Site numbers correspond to those in figure 2 of this report]

River
mile
Site Station above
No. No. mouth Station name and location

1 05595025 38.10 Richland Creek at Township Line Road near
O'Fallon
Lat: 38°34'05" Long: 89°55'46"

2 05595035 36.40 Richland Creek at Hartman Lane near Belleville
Lat: 38°33'31" Long: 89°56'50"

3 05595045 34.70 Richland Creek at 014 Collinsville Road at
Belleville
Lat: 38°32'26" Long: 89°57'51"

4 05595050 33.80 Richland Creek at Route 161 at Belleville
Lat: 38°32'00" Long: 89°58'31"

5 05595075 32.60 Richland Creek at Route 159 at Belleville
Lat: 38°31'18" Long: 89°59'02"

6 05595090 31.70 Richland Creek at West Main Street at
Belleville
Lat: 38°30'48" Long: 89°59'35"

7 05595095 31.30 Richland Creek at Monroe Street at Belleville
Lat: 38°30'31" Long: 89°59'24"

8 05595100 30.70 Richland Creek at Belleville
Lat: 38°30'09" 1ILong: 89°59'03"

9 65525110 29.40 Richland Creek at Route 15 at Belleville
Lat: 38°29'35" Long: 89°57'59"

10 05595119 128.60 Richland Creek Tributary No. 3 at County
Highway 4 near Belleville
Lat: 38°29'14" Iong: 89°57'26"

11 08595123 28.00 Richland Creek near Belleville
Lat: 38°28'30" Long: 89°57'54"

12 05595127 27.10 Richland Creek at Schleuter-Germain Road

near Belleville
Lat: 38°27'49"

Long: 89°58'14"



Table 1.--Data-collection sites--Continued

River
mile
Site station above
No. No. mouth Station name and location
13 05595133 25.50 Richland Creek at Schreimer Road near Smithton
Lat: 38°26'30" Iong: 89°57'53"
14 05595139 24.30 Richland Creek at Douglas Road near Smithton
Lat: 38°25'28" Long: 89°57'52"
15 05595145 22.70 Richland Creek at Press Road at Smithton
Lat: 38°24'11" Long: 89°58'07"
16 05595160 122.40 Douglas Creek at Route 159 at Smithton
Lat: 38°25'16" 1Ilong: 89°59'00"
17 05895163 122,40 Douglas Creek at Press Road at Smithton
Lat: 38°24'11" Long: 89°58'31"
18 05595173 122,00 Kinney Branch at Brenner Road near Smithton
Lat: 38°23'49" 1Long: 89°57'39"
19 05595178 21.20 Richland Creek at Robinson School Road near
Smithton
Lat: 38°22'51" Long: 89°57'55"
20 05595200 17.20 Richland Creek near Hecker
Lat: 38°19'26" Long: 89°58'15"
21 05595203 14.80 Richland Creek at Nike Road near Hecker
Lat: 38°18'14" Long: 89°57'30"
22 05595207 10.80 Richland Creek at M Road near Hecker
Lat: 38°16'30" 1Long: 89°58'15"
23 05595219 8.00 Richland Creek at LIL Road near Red Bud
Lat: 38°15'07" Iong: 89°57'33"
24 05595055 133,50 Wolf Branch at Route 161 at Swansea
Lat: 38°32'01" 1long: 89°58'49"
25 05595070 133,00 Richland Creek Tributary No. 1 at Southern
Railroad at Swansea
Lat: 38°31'32" ILong: 89°58'55"
26 05595080 132.40 Catawba Creek at Belleville

Lat: 38°31'15" Long: 89°59'17"



Table 1.~-Data-~collection sites--Continued

River
mile
Site Station above
No. No. mouth Station name and location
27 05595105 130.40 Richland Creek Tributary No. 2 at Routes 15 and
159 at Belleville
Lat: 38°29'55" Long: 89°58'56"
28 05595115 128.60 Richland Creek Tributary No. 3 above wastewater
treatment facility at Belleville
Lat: 38°30'38" Long: 89°57'23"
29 05595149 122.40 Douglas Creek Tributary above Millstadt
wastewater treatment facility at Millstadt
Lat: 38°27'20" Long: 90°05'12"
30 05595167 122.00 Kinney Branch above Freeburg West wastewater
treatment facility at Freeburg
Lat: 38°25'22" Long: 89°55'39"
31 05595195 lig.10 West Fork Richland Creek at Skaer Road near
Hecker
Lat: 38°21'11" Long: 89°58'52"
32 05595216 lg.70 Prairie du Long Creek at Route 159 near Red Bud

Lat: 38°15'35" Long: 89°59'46"

1 River miles indicate the location of the mouth of the tributary above
the mouth of Richland Creek.
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There is one continuous-record stream-gaging station on Richland Creek
that is operated by the Survey. This station, Richland Creek near Hecker
(05595200), was used as an index of flow for this study. The average
discharge at this site computed from 15 years of record is 104 ft3/s (cubic
feet per second) (Stahl and others, 1985). The average discharges (computed
from the stage-discharge relation) at this station during the two 24-hour
(diel) studies of July 23-24 and August 6-7, 1984, were 10.1 and 16.5 ft3/s,
respectively. The 7-day, 10-year low flow for this station reported by Singh:
and stall (1973) is 3.8 ft3/s. The 7-day, 10-year low flow calculated from
station data through 1984 is 5.10 ft3/s. Thus, the streamflows during the
diel studies were near critical low-flow conditions. Streamflow upstream of
site 3 was intermittent, and there was essentially no flow during the August
diel study. During these low-flow periods, there is very little flow upstream
of the Swansea WWTF, and throughout most of the study reach, the streamflow is
compcocsed primarily of treated wastewater.
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DATA COLLECTION AND DESCRIPTION

Data iequirements for assessing stream quality include traveltimes,
reaeration®rate coefficients, stream discharges, BODs, and various chemical-
constituent concentrations. Channel and streamflow characteristics,
atmospheric reaeration rates, and chemical-quality measurements were made on
Richland Creek during low-flow periods from June through September 1984.
Traveltimes and reaeration-rate coefficients were determined at various flow
rates throughout the study period. Two diel studies at different low-flow
conditions were performed in July and August 1984. Chlorophyll-a concentra-
tions, BODs, and the chemical constituent concentrations were determined from
samples collected at 38 sites during the diel studies. These sites included
6 WWIF outfalls, 13 tributary sites, and 19 sites on Richland Creek (fig. 2).
Field measurements of pH, specific conductance, dissolved oxygen, stage, and
air and water temperatures were also made at these sites.

Eight WWTFs discharge to Richland Creek or its tributaries within the
study reach. Two of these eight WWIFs were not monitored (Hector and Tamarak
Country Club and Estates) because the WWIFs discharge an insignificant volume
of effluent compared to the volume of streamflow at the point of discharge.
Table 3 lists the treatment processes and outfall locations of the six WWTFs
monitored. The Belleville Area 1 and Swansea WWTFs are the most significant
contributors to streamflow in the basin.

10
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streamflow and Channel Characteristics

Stream discharge was measured several times at 52 different sites through-
out the study period. Reference points were established and stage-discharge
relations were developed at the 19 creek sites sampled during the diel studies,
using the methods described by Rantz and others (1982). Discharge was measured
once during each diel study at each sampling site. Discharge at the times of
sampling was estimated using these low-flow stage-discharge relations.
Discharges from the WWTFs were determined from the flow charts maintained by
the WWTF; for those WWIFs without daily discharge records, average monthly
data that they provide to the IEPA were used.

Channel cross-sectional area and width measurements were made as a part
of the discharge measurements using the methods described by Rantz and others
(1982). The locations of the measuring sites were chosen to provide the best
measurement of discharge. Average channel depth was calculated by dividing
cross-sectional area by the top width.

Traveltimes and Reaeration-Rate Coefficients

Traveltime refers to the period of time it takes for water or waterborne
materials to move from one point to another in a stream (Hubbard and others,
1982). Reaeration rate refers to the rate at which oxygen is absorbed from
the atmosphere by the stream (Rathbun and Grant, 1978). Measurement of travel-
times and reaeration rates were not made for subreaches upstream of RM 34.7,
because stream discharge was too low to provide accurate results. The remain-
ing 26.7 miles were divided into 24 subreaches based on estimates of travel-
times and reaeration rates, and on accessibility. Selection of the subreaches
used in the traveltime and reaeration-rate studies was also based on the cri-
terion that the product of the propane desorption rate and traveltime equal
one. This minimizes the errors introduced in the gas tracer technique
described by Yotsukura and others (1983). Traveltime and reaeration rate
measurements were made throughout the study period. At least one measurement
was made for each subreach.

The technique used in measuring reaeration rates is based on the constant
relation between the rate at which a tracer gas desorbs from water and the rate
at which oxygen is absorbed from or desorbed to the atmosphere by the water.
This relation has been shown using laboratory tank tests, and the technique
has been used to measure rates of gas loss over stream reaches (Rathbun and
Grant, 1978).

Traveltimes and reaeration-rate coefficients of Richland Creek were
measured simultaneously using a steady-state version of the gas-tracer
technique (Yotsukura and others, 1983). Traveltimes were determined using
rhodamine-WT fluorescent dye by timing its movement through a subreach. The
reaeration rates were determined using propane gas that was steadily injected
through porous diffuser plates for approximately the entire traveltime of the
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subreach being measured. Freeman and others (1986) describe in detail the
methods used for injection and analysis of reaeration rates and traveltimes.
All rate coefficients in this report are calculated using natural logarithms
(base €).

Sediment Oxygen Demand Measurements

Measurements of SOD in Richland Creek were made at several locations
during the study period. These measurements were made by using a steel box of
known volume that is open only to the streambed. This box was placed in con-
tact with the streambed so that the water inside could not recirculate with
the streamflow. A dissolved oxygen probe with stirrer was secured inside the
box. A volume of water equal to about three volumes of the box was filtered
through a 10-micrometer filter and then poured through a gravity feed system
into a valve in the top of the box. This flushed the water inside the box out
through another valve and replaced a large part of that water with water that
had been filtered to remove some of the phytoplankton and other material that
might affect the dissolved oxygen concentration. The remaining oxygen demand
of the water in the box was assumed to be negligible. The valves were then
closed to seal the box and periodic measurements of the dissolved oxygen
inside the box were recorded over a period of 4 to 6 hours. This time-series
data was used to calculate the SOD.

The amount of oxygen consumed within the box was plotted as a function of
time. There is an initial high rate of demand that is caused by demand from
sedimehts disturbed when the box was positioned or by the oxygen levels in the
filtered water coming to equilibrium with the rest of the system. The linear
portion of the plot following this initial high demand represents the SOD of
the sample area. The slope of this linear portion is used with the following
equation to calculate the SOD (Butts, 1974):

SOD = (1,440 sV) / A (1)

where SOD is the sediment oxygen demand, in milligrams per square foot
per day;
S 1is the slope (as described above), in milligrams per liter per
minute;
V is the volume of the box, in liters;
A 1is the area of the open side of the box, in square feet; and
1,440 1is a constant to convert minutes to days.

Water-Quality Characteristics

Effluent samples from the WWTFs were collected for 4 days prior to each
diel study. A 24-hour composite sample of effluent was collected from two of
the WWTFs (Swansea and Belleville Area 1), and daily discrete samples of
effluent were collected from the remaining four WWIFs. These samples were
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used to identify any variations in effluent quality that might affect the
stream quality during the diel studies. Four discrete samples of effluent
(each 6 hours apart) were collected from each WWTF during each diel study.

During the diel studies, water samples were collected every 4 hours from
the 19 creek sites and from 4 sites on the tributaries that received treated
wastewater (sites 1 to 23). Tributaries that did not receive treated waste-
water (sites 24 to 32) were assumed to have a fairly constant water quality
during low-flow periods (table 1). Sites 24 to 32 were sampled twice during
each diel study; once in the early morning (0200-0600 hours) and again in the
late afternoon (1400-1800 hours) in order to measure chemical-constituent
concentrations and to estimate the range of daily variations in the dissolved
oxygen concentrations. Water-quality field measurements of specific conduct-
ance, dissolved oxygen concentration, pH, and water temperature were made
using hand-held four-parameter monitors. These measurements, along with air
temperature and stream stage, were made every 2 to 4 hours at all creek sites
and at the sites on tributaries that received treated wastewater. Field
measurements were also made during the two visits to the other tributary sites
and on each visit to the WWTF outfalls.

Water and effluent samples were immediately chilled with ice, transported
to the IEPA laboratory within 8 hours of being collected, and analyzed using
IEPA laboratory methods (1986). Each water sample was analyzed to determine
the concentrations of total organic plus ammonia nitrogen (total kjeldahl
nitrogen), dissolved ammonia nitrogen, dissolved nitrite plus nitrate nitrogen,
and dissolved and total phosphorus. Ultimate carbonaceocus BOD and the decay
rate were determined for each sample, and total (nitrogenous plus carbonaceous)
BOD was also determined for selected samples. Ultimate carbonaceous BOD refers
to the total amount of dissolved oxygen used by heterotrophic microbes to oxi-
dize all of the biologically oxidizable carbonaceous material in a specified
volume. It is expressed as milligrams dissolved oxygen consumed per liter of
sample. The decay rate is the rate at which the oxygen is consumed.

Ultimate carbonaceous BOD and the decay rate were determined using the
methods described by Stamer and others (1983). This method involves incubating
the samples in the dark at 20°C and periodically determining the amount of dis-
solved oxygen consumed. The ultimate carbonaceous BOD and the decay rate are
then calculated from this time-series data by using a nonlinear least squares
method. A small amount of nitrapyrin was added to most of the BOD samples to
inhibit nitrification. One sample from each site was analyzed without nitra-
pyrin to measure the total (nitrogenous plus carbonaceous) BOD. Total BOD
simply refers to the dissolved oxygen depletion due to oxidation of all of the
biologically oxidizable material. Residual chlorine concentrations were
measured in all BOD samples, and appropriate amounts of sodium sulfite were
added to neutralize the chlorine residual. All BOD samples were then seeded
using 1 milliliter of raw sewage obtained from the Champaign, Illinois, Sewage
Treatment Works in order to introduce microbe populations that may have been
killed by the chlorine. The BOD contribution from the seed was negligible.

Two of the samples, collected in the early morning and late afternoon
from each site, and one sample from the WWTF effluents were analyzed for
chlorophyll-a concentration. One sample from each site was analyzed for 53
other constituents: turbidity; chemical oxygen demand; total alkalinity:
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total acidity; total suspended solids; volatile suspended solids; total ammonia
nitrogen; total nitrite plus nitrate nitrogen; cyanide; hardness; chloride;
sulfate; fluoride; arsenic; phenol; total dissolved solids; mercury; and total
and dissolved calcium, magnesium, sodium, potassium, lead, manganese, nickel,
silver, barium, boron, beryllium, cadmium, strontium, wvanadium, zinc, chromium,
copper, and iron. BAll water—-quality results are available for inspection at
the Survey's Illinois District office.

ASSESSMENT OF LOW-FLOW WATER QUALITY

Diel Water Quality

The Illinois Pollution Control Board establishes the water-quality
standards for the State of Illinois. The general-use, water-quality standards,
which apply to Richland Creek and its tributaries, are intended to "protect
the State's water for aquatic life, agricultural use, primary and secondary
contact use, and most industrial uses and to ensure the aesthetic quality of
the State’s aquatic environment" (Illinois Pollution Control Board, 1984).
Stream concentration limits for some constituents are established to indicate
levels at which these constituents would affect the intended uses of streams.
Aside from these specific constituent concentrations identified, the State
water-quality regulations state that "any substance toxic to aquatic life
shall not exceed one-tenth of its 96-hour median tolerance limit for native
fish or essential fish food organisms." This 96-hr LC50 (96-hour median
lethal tolerance limit) is the concentration at which 50 percent of the test
organisms die within 96 hours. Measurement of 96-hr IC50 levels was beyond
the scope of this project. For this report, we will deal primarily with the
specific constituent concentration standards as stated in the Illinois water
pollution regulations (Illinois Pollution Control Board, 1984).

The results of the water-quality analyses on the samples collected at the
19 creek sites and the 13 tributary sites on July 23-24 and on August 6-7,
1984, are presented in tables 10 and 11 at the end of this report. These
results and their relation to applicable water-quality standards are discussed
here.

The State standard for dissolved oxygen concentrations declares that dur-
ing at least 16 hours of any 24-hour period the concentration must be at least
6.0 mg/L, and the concentration may never be less than 5.0 mg/L (Illinois
Pollution Control Board, 1984). Dissolved oxygen concentrations can be
affected by BOD, SOD, reaeration, plant growth and respiration, and other
factors. There is probably no place in the creek where dissolved oxygen con-
centrations are not affected by one or more of these factors. The QUAL-II
water—-quality model was used to determine which of these factors had the
largest impact on dissolved oxygen concentrations in several subreaches of the
creek. A second method was used to identify those sites where the effect of
plant respiration would cause dissolved oxygen concentrations to fall below
the State minimum standard regardless of the effect from other factors. This
method required the assumption that the diel fluctuation in dissolved oxygen
concentration was caused by plant photosynthesis and respiration. 1In this
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method, the magnitude of the changé in dissolved oxygen concentration between
the time-weighted average concentration and minimum concentration measured at
a site (representing the dissolved oxygen depletion attributed to plant
activity) was compared to the tagnitude of the calculated change between the
dissolved oxygen saturation concentration and the State minimum standard of
5.0 mg/L (representing the dissolved oxygen depletion necessary for the State
standard to be exceeded) (S. C. McCutcheon, U.S. Geological Survey, written
commun., 1984). The dissolved oxygéen Baturation concentration for each site
was determined from the average water temperature at that site using the
following equation (Thomann, 1972):

Cs = 14.652 = 0.41022 T + 0.007991 T2 - 0.000077774 T3 (2)

where Cs is the oxygen saturation concentration at standard pressure
(29.92 inches of mercury), in milligrams per liter, and

T is the water temperature, in degrees Celsius.

If the magnitude of the measured change in dissolved oxygen concentration
(depletion due to plant activity) is larger than the magnitude of the calcu-
lated change, plant activity was considered a major factor in dissolved oxygen
depletion and the State minimum standard would probably have been violated
regardless of the effects of other factors such as BOD and SOD.

The measured dissolved oxygen concentrations in Richland Creek ranged
from 0.1 to 10.3 mg/L during the July diel study and from 1.0 to 14.4 mg/L
during the August diel study. Time-weighted average dissolved oxygen con-
centrations during the July diel study fell below 6.0 mg/L at all sites except
6, 7, 8, 16, and 17, and some measured dissolved oxygen concentrations fell
below the State minifium standard of 5.0 mg/L at all sites except 6, 7, and 8.
The lowest dissolved oxygen concentrations measured during the July diel study
were between sites 9 and 14 (RM 29.4 to RM 24.3). During the August diel
study, time-weighted average dissolved oxygen concentrations fell below 6.0
mg/L at all sites except 6, 7, 8, 9, 16, and 17, and measured dissolved oxygen
concentrations fell below 5.0 mg/L at all sites except 6, 8, and 9. The lowest
dissolved oxygen concéntrations measured during the August diel study were
between sites 11 and 19 (RM 28.0 to RM 21.2). This indicates a downstream
shift in the critical region in terms of dissolved oxygen. The only location
where plant activity &appeared to be the primary cause of the dissolved oxygen
concentration going below 5.0 mg/L was site 19 during the BAugust diel study.

The State general-use, water-quality standards specify that pH should be
between 6.5 and 9.0 except for natural causes (Illinois Pollution Control
Board, 1984). Measured pH values in Richland Creek ranged from 6.0 to 8.7
during the July diel study and from 5.2 to 8.5 during the August diel study.
The pH dropped below the State standard at site 3 during the July diel study
and at sites 11 and 12 during the August diel study.

The State general-use, water-guality standard for total ammonia nitrogen
and un-ionized ammonia nitrogen specifies that the total ammonia nitrogen con-
centration must be less than or equal to 15.0 mg/L. If the total ammonia
nitrogen concentration is between 1.5 and 15.0 mg/L, the un-ionized ammonia

16



nitrogen concentration must be less than or equal to 0.04 mg/L. Total ammonia
nitrogen concentrations less than 1.5 mg/L are considered lawful regardless of
the corresponding un-ionized ammonia nitrogen concentrations (Illinois
Pollution Control Board, 1984). Total (unfiltered) ammonia nitrogen con-
centrations were determined from one sample at each site. The total ammonia
nitrogen concentrations in Richland Creek ranged from 0.10 to 3.32 mg/L and
from 0.10 to 6.76 mg/L during the July and Augqgust diel studies, respectively.
The un-ionized ammonia nitrogen concentrations were calculated using measured
pH and water temperatures with these equations (Illinois Pollution Control
Board, 1984):

u = - N (3)
(0.94412(1 + 10¥) + 0.0559)

2729.92 - (4)

0.09018 + (T + 273.76) pH

x
Il

where u is the concentration of un-ionized ammonia nitrogen, in
milligrams per liter;
N is the concentration of ammonia nitrogen, in milligrams per
liter; and

T is the water temperature, in degrees Celsius.

The results of these calculations indicated that sites 13, 14, 15, and 20
were not in compliance with the State standard for un-ionized ammonia nitrogen
during the July diel study and that sites 12, 14, 15, 19, 20, and 21 were not
in compliance during the August diel study.

Dissolved phosphorus and dissolved nitrite plus nitrate nitrogen concen-
trations were determined from samples collected from Richland Creek. There
are no State standards that apply to these constituents; however, these con-
stituents are of concern as nutrients for algal growth. The concentrations of
inorganic phosphorus and inorganic nitrogen needed to promote algal growth are
0.01 and 0.3 mg/L, respectively (Sawyer, 1952; Muller, 1953). These constitu-
ents are present in Richland Creek in large enough concentrations to promote
algal growth at all sites except sites 5, 17, and 18 during the July diel study
and sites 4, 5, 12, 13, 14, 17, and 18 during the August diel study.

Total iron concentrations ranged from 210 to 2,796 ug/L during the July
diel study and from 238 to 2,979 pg/L during the August diel study. These
concentrations exceeded the State standard of 1,000 pg/L throughout much of
the creek.

The concentration of total iron from the measured inflows was used in
conjunction with the discharge measured at these point sources to determine
dilution factors and calculate corresponding stream concentrations. These
calculated concentrations assumed that the headwaters and point sources were
the only contributing factors to stream concentrations and that iron was a
congervative constituent. Calculated concentrations were compared with
measured stream concentrations to determine if the point sources could account
for the total iron concentrations present.
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Figure 3 shows the calculated and measured concentrations of total iron.
These results show that the calculated concentrations underestimate the
measured concentrations for much of the study reach. This indicates that the
point-source inflows are not the major factor controlling the total iron con-
centration and that other factors (such as sediment interactions) may be
important.

Manganese concentrations in Richland Creek ranged from 140 to 1,024 ug/L
and from 108 to 1,046 pg/L for the July and August diel studies, respectively.
The State water-quality standard of 1,000 pg/L was exceeded only at site 22
during both the July and August diel studies. Figure 4 shows the concentra-
tions calculated from the point sources and the measured concentrations. It
is apparent from these results that the contributions from the point sources
are not the primary factor controlling stream concentrations. The calculated
concentrations consistently underestimate the measured concentrations, espe-
cially in the downstream subreaches.

Copper concentrations ranged from less than 5 to 30 pg/L and from less
than 5 to 47 ug/L during the July and August diel studies, respectively.
These concentrations exceeded the State water-quality standard of 20 ug/L at
site 4 during the July diel study and at sites 1, 3, and 5 during the August
diel study. Figure 5 shows the calculated and measured copper concentrations.
These results show that the calculated and measured concentrations are com-
parable, indicating that the point sources are very likely a major factor in
controlling the concentration of copper in the stream. Note that measured
concentrations of zero in figure 5 actually indicate levels below the analyti-
cal detection limit of 5 ug/L.

Borcn concentrations, determined from samples collected during the diel
studies, were relatively high for natural waters, but they did not exceed the
State standard of 1,000 pg/L. Figure 6 shows that the point sources were the
primary factor causing these high boron concentrations. The measured boron
concentrations in Catawba Creek (site 26), which discharges to Richland Creek
at RM 32.4, were 1,811 and 2,431 pg/L during the July and August diel studies,
respectively. The measured concentration in Richland Creek Tributary No. 2
(site 27, RM 30.4) during the RAugust diel study was 1,079 ug/L. These concen-
trations did exceed the State standard.

Sulfate concentrations were also high, although concentrations determined
from samples collected from Richland Creek did not exceed the State water-
guality standard (500 mg/L). The measured sulfate concentration at Richland
Creek Tributary No. 2 (site 27) during the August diel study was 1,430 mg/L,
which does exceeds the State standard. Figure 7 indicates that these constitu-
ent concentrations are not entirely controlled by point-source inflows. The
August results of these mass balance calculations suggest that the point
sources may play a role, while the July results suggest just the opposite. It
is most likely that sulfate deposited in the sediments from runoff from gob
piles in the basin are the major contributor to these sulfate concentrations;
however, these results are inconclusive.
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Figure 3.--Profiles of measured and calculated total iron
concentrations in Richland Creek for the July
and August diel studies.
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concentrations in Richland Creek for the July
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Total dissolved solids concentrations in Richland Creek did not exceed
the state standard of 1,000 mg/L. However, the concentration in Richland
Creek Tributary No. 2 during the August diel study was 2,510 mg/L, which does
exceed the State standard. Figure 8 indicates that the point-source inflows
contribute signifigantly to the total dissolved solids concentrations in
Richland Creek.

The State water-quality standard for silver (5 ug/L) was egualed at site
23 once during the August diel study. All other measurements for silver indi-
cated that concentrations were below the analytical detection limit.

All other constituents that were measured during the two diel studies
were within the limits specified by the applicable State general-use water-
quality standards.

Water-Quality Modeling

The QUAL~II, one~dimensional, steady-state, water-quality model (National
Council of the Paper Industry for Air and Stream Improvement, 1982) was used
because it is capable of modeling up to 13 water-quality constituents, includ--
ing algae (modeled as chlorophyll-a). For this study, the QUAL-II model was
used to evaluate nine water-quality characteristics: dissolved oxygen, ulti-
mate carbonaceous BOD, SOD, algae as chlorophyll-a, ammonia, nitrite, nitrate,
phosphorus, and specific conductance. Figure 9 shows the constituents and
their interactions in the QUAL-II model.

Water samples were analyzed for nitrite plus nitrate nitrogen to avoid the
problem of possible concentration changes due to oxidation during transport to
the laboratory. To compensate for this in the model, a high nitrite-oxidation
rate was used so that nitrite plus nitrate nitrogen was simulated rather than
the separate constituents.

The QUAL-II model assumes that stream discharge at any point approximates
steady~-state flow conditions. Average flow variations during the July and
August diel studies were 45.2 and 48.0 percent, respectively. This variability
was considered high. During low-flow periods in Richland Creek, the streamflow
is comprised primarily of treated wastewater, and the discharges from the WWTFs
were highly variable during these diel studies. This, coupled with the small
quantities of flow and the inaccuracies of the stage-discharge relations, could
account for the large variability in stream discharge. For the purpose of this
study, it was necessary to assume that the variation in flow was small enough
to satisfy the QUAL-II model's assumption of steady-state flow conditions.

The upstream 3.4 miles of Richland Creek were not modeled because the flow
was intermittent and rate coefficients could not be determined. The remaining
26.7-mile reach of Richland Creek is represented by a series of subreaches in
the QUAL~II model. These subreaches are referred to as model subreaches in
this report. Model subreaches were further subdivided into computational ele-
ments that define the shortest length of the creek that the QUAL-II model con-
siders for its calculations. The mathematical basis for QUAL-II is given in
the model user's guide (National Council of the Paper Industry for Air and
Stream Improvement, 1982).

24



July 23 and 24

1000 | S— T T T T
O (0] o
750 — 0 O _ N -
b&”ﬁno C °L
o]
500 t+ .
o0 :0.
250 |- .
o0 Measured
— Calculated
0 | I i | 1 L

40 35 30 25 20 15 10 S

August 6 and 7

TOTAL DISSOLVED SOLIDS CONCENTRATION,
IN MILLIGRAMS PER LITER

1000 T T T T T T
O
Co
750 o -
00 ovnoo o 5 L
O
500 |} —
(e} O
250 | -
o Measured
— Calculated
0 { { 1 i 1 |

40 35 30 25 20 5 10 5
RIVER MILES ABOVE MOUTH

Figure 8.--Profiles of measured and calculated total dissolved
solids concentrations in Richland Creek for the
July and August diel studies.

25



Specitic

Atmospheric
Conductance e

Reaeration/Deaeration

Ammonlia ‘ ¥ Sediment

p{ Oxygen
4

Oemand
¥ NNNNNNNNNN
Nitri
Hrite Oissolved
'4 Oxygen Biochemical
. > Oxygen
Nitrate Demand

e

Respiration Production
Phosphorus

PR
Chloro::hy(l-a / Xee

Y
TTIEERREESEY

EXPLANATION

\SNSSXX Sediment interaction

Figure 9.--Constituents and interactions evaluated
with the QUAL-IT model.

26



The 26.7~-mile reach was divided into 25 model subreaches with 11 point
sources. The computational element length was specified as 0.1 mile. A sche-
matic of the creek as it was modeled is shown in figure 10.

Computing Model Requirements from Field Data

Data from the July diel study were used to calibrate the QUAL~II model and
data from the August diel study were used to verify the model by validating the
choice of calibration coefficients under different hydrologic and waste-load
conditions.

Traveltime and reaeration-rate coefficient measurements were made at
different stream discharges. Stream discharge at the index station near Hecker
(05595200) ranged from 11 to 100 ££3/s during these measurements.

An equation that relates traveltime, in terms of velocity, to the strédm-
flow characteristics was developed to predict traveltimes for the diel~study
conditions. The best equation incorporating data from all subreaches of the
creek was

vV = 0.0801(g)0-5991 (5)

where V is the average subreach velocity, in feet per second, and

Q 1is the average discharge in the subreach, in cubic feet per
second.

The multiple correlation coefficient of the equation~estimated traveltimes,
when compared with the measured traveltimes, is 0.84. The relation has an
associated standard error of +49.8 to ~33.3 percent.

The reaeration-rate coefficients were measured during periods of flow
that were different from those of the diel studies. The coefficients and
their corresponding hydraulic characteristics were used with 17 reaeration-
rate predictive equations (O'Connor and Dobbins, 1958; Churchill and others,
1962 (2 equations); Krenkel and Orlob, 1963; Owens and others, 1964; Langbein
and Durum, 1967; Cadwallader and McDonnell, 1969; Thackston and Krenkel, 1969;
Velz, 1970; Padden and Gloyna, 1971; Bennett and Rathbun, 1972 (2 equations);
Lau, 1972; Parkhurst and Pomeroy, 1972; Tsivoglou and Wallace, 1972; Bansal,
1973; and Tsivoglou and Neal, 1976) to determine which could best predict the
reaeration-rate coefficients for Richland Creek.

Two equations were chosen to predict the reaeration-rate coefficients for
Richland Creek. The equation developed by Krenkel and Orleob (1963) was used
for subreaches with average stream depths of less than 1.15 feet. This
equation,

K, = 11.0(vs)0-408 ;=0.660 (6)
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where Ky is the reaeration-rate coefficient at 20°C, in reciprocal days,
V is the average subreach velocity, in feet per second,
S 1is the bed slope of the subreach, and
H is the average subreach depth, in feet,

when compared with the measured values, has a multiple correlation coefficient
of 0.59 that proved significant at the 78 percent confidence level. The stan-
dard error of estimate with this equation is +0.82 reciprocal days.

The other equation, used for subreaches with average stream depths of 1.15
feet or greater, was developed by Padden and Gloyna (1971). This equation is

Ky = 0.322 v0-703 y=1.054 (7)

where all the variables are as defined in equation 6. When compared with the
measured values, this equation has a multiple correlation coefficient of 0.32
that proved significant at the 61 percent confidence level. The standard error
of estimate with this equation is +2.81 reciprocal days.

Average cross-sectional area, surface width, depth, and discharge for
each subreach were determined from an average of the values measured at the
two sites that define the subreach boundaries. As discussed previously, the
surface width and cross-sectional area were measured at each site, and the
average depth was calculated from the width and cross-sectional area measure-
ments assuming a rectangular channel.

Calibration, Verification, and Sensitivity

The QUAL~II model was used to simulate environmental processes and water
quality of Richland Creek. The processes and their interactions (fig. 9) are
defined in thé model by several rate constants and coefficients. These
constants and coefficients were specified in the model to best describe the
processes in Richland Creek. Model calibration was accomplished by using
calculated and measured values for the coefficients, when available, and
adjusting the other coefficients within ranges described by Bowie and others
(1985) and by the Qual-II user's manual (National Council of the Paper Industry
for Air and sStream Improvement, 1982) until the model-simulated constituent
concentrations approximated the measured concentrations. The July diel-study
conditions and data were used to calibrate the model.

The rate constants and coefficients determined from the model calibration
were then used in ¢onjunction with the August diel~study conditions and data
to validate that choice of coefficients. This model verification showed how
well the calibration coefficients defined the processes in Richland Creek by
identifying the model's ability to simulate the water quality under different
hydrologic and waste-load conditions. Table 4 lists several of the rate
constants and coefficients used to calibrate and verify the model.
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The stream discharge measured during both the July and August diel studies
very nearly matched that determined by summing the discharge measured from the
headwaters and each of the point sources during the respective studies.

Because of this, the measured discharge of the headwaters and point sources
were used directly in the model. No additional inflow to the model-simulated
stream discharge was necessary.

The water-quality characteristics for the headwaters and point sources
were specified as an average of the values measured for each. Tables 5 and 6
show lists of the water-quality characteristics for the headwaters and point
sources used in the model for both diel studies.

The QUAL-II model determines stream depth for each model subreach by
multiplying the stream discharge by a coefficient of discharge for depth. The
stream depths determined from cross—sectional area and width measurements were
used in the model by choosing coefficients of discharge that forced the model
to simulate measured values.

The capability of the model to simulate a conservative constituent is
helpful in identifying the accuracy of the model-simulated streamflow and how
well the point sources are accounted for. Conservative constituents are not
affected by biological decay or most other interactions in the river.
Simulation of a conservative constituent will identify incorrect stream dis-
charge in the model by showing too much or too little dilution of the point
sources. These inaccuracies would show up as simulated concentrations that
are lower or higher than the measured concentrations. A jump in the measured
concentration that is not shown by the simulated concentrations can also indi-
cate an unmeasured point or nonpoint source.

Specific conductance is a relatively conservative constituent and was
modeled as such for this study. Figure 11 shows profiles of the simulated and
measured specific conductance for the July and August diel-study conditions.
Simulated specific conductance very closely approximated the measured values;
thus, the streamflow and point sources were accurately simulated in the model.
The model slightly underestimates the specific conductance for much of the
creek during both diel studies. This could be caused by unmeasured point or
nonpoint sources or it could also be caused by a sediment interaction. The
values were close enough to consider this as being insignificant. Note there
are three sites (11, 12, and 13) between RM 28.0 and RM 25.5 where several
values measured during the August diel study appear to be very low. These
may have been caused by equipment failure although the same instrument gave
reasonable results at other sites. These values were not included in our
interpretations.

Ultimate carbonaceous BOD was calibrated by varying the source/sink rate
coefficient (a negative rate indicates source). This caused the model to
simulate concentrations of carbonaceous BOD within the ranges measured during
the July diel study (fig. 12). The BOD source/sink rate coefficients for the
model ranged from -0.31 to 5.00 reciprocal days. These rate coefficients were
not validated by the carbonaceous BOD concentrations simulated using the Rugust
diel study conditions. The BOD source/sink rate coefficients were then cali-
brated to simulate the ranges measured during the August diel study (fig. 13).
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Figure 1ll.--Profiles of simulated and measured specific
conductance in Richland Creek for the July
and August diel studies.
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Figure 12.--Profiles of simulated and measured ultimate carbonaceous
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the July diel study and verified with the August diel
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Figure 13.--Profiles of simulated and measured ultimate carbonaceous
biochemical oxygen demand in Richland Creek with bio-
chemical oxygen demand source/sink rates calibrated for
the August diel study and verified with the July diel
study.
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The rate coefficients ranged from -2.00 to 0.10 reciprocal days, significantly
different from those calibrated to the July conditions. Again these could not
be validated because they could not accurately simulate the July diel study
conditions. It appears that the point source loads of carbonaceous BOD from
the Belleville Area 1 WWIF (RM 30.0) are in error in the model. However, lab
analysis results of samples from the facility appear to be valid and indicate
no reason to discard them. One possible factor for the inaccuracy is that
algae can interfere with BOD measurements. During the BOD analysis, samples
are incubated in the dark. Algae will die during these prolonged periods of
darkness and the dead algae can contribute significantly to the BOD. This,
however, was probably not a major factor because algal populations (as
chlorophyll-a) were small during both diel studies.

Computer simulations were done to determine how sensitive the model is to
BOD by comparing simulations without including BOD to calibrated model simula-
tions with BOD. Dissolved oxygen, the constituent of primary interest, showed
a maximum change of 0.31 mg/L for the July diel conditions and 0.41 mg/L for
the August diel conditions (fig. 14). The results indicate that the model is
very insensitive to changes in BOD, and that it is probably not an important
factor in the dissolved oxygen depletion of Richland Creek at current (1984)
point source loadings. The calibrated source/sink rate coefficients for both
the July and August conditions were used in the respective data sets for the
model.

Algal populations appeared to be small during both diel studies. Visual
observations indicated there were very few periphyton, phytoplankton, or
macrophyte communities. This is supported by the fact that dissolved oxygen
concentrations did not show large diel variations. The model was calibrated
so that simulated chlorophyll-a concentrations approximated those measured in
the stream. The QUAL-II model simulates algal activity using the following
equations (National Council of the Paper Industry for Air and Stream
Improvement, 1982):

Chla = ogA (8)

where Chla is thé chlorophyll-a concentration, in micrograms per
liter;
ao is the ratio of chlorophyll-a, in micrograms, to algal
biomass, in milligrams; and
A is the algal biomass concentration, in milligrams per
liter.

01
= uA-pA——HA (9)

a8

where t is time, in days;
u is the local algal specific growth rate, in reciprocal days;
p is the local algal respiration rate, in reciprocal days;
01 is the local algal settling rate, in feet per day; and
H is the average depth, in feet.
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W= uomax — In ———%
Ny + K, P+K, X K, + L'e

(10)

where p max is the maximum algal specific growth rate, in reciprocal days;
N3 is the local concentration of nitrate nitrogen, in milligrams
per liter;
P is the local concentration of phosphorus, in milligrams per
liter;
K, and Kp are empirical half saturation constants for nitrogen (n) and
phosphorus (p), in milligrams per liter;
A is the light extinction coefficient, in reciprocal feet;

L' is the local intensity of light, in langleys per minute; and
Ky, is the empirical half saturation constant for light, in
langleys per minute.

The ratio of chlorophyll-a to algal biomass (a,) is important in determin-
ing the contribution of algae from the measured point sources. The suggested
range for this ratio is 20 to 100 micrograms per milligram (Bowie and others,
1985). Model simulations using the extremes of this range showed negligible
changes in all the modeled constituent concentrations. Tables 7 and 8 sum-
marize these and other sensitivity analysis results. The ratio used in the
model was specified at 60 micrograms per milligram, which is the mean of the
suggested range.

Plants utilize nitrogen and phosphorus as nutrients for growth and release
these nutrients upon death through decomposition. Figure 9 indicates these
interactions as they were modeled. The nitrogen content of algae can range
from 0.006 to 0.16 mg (milligram) nitrogen per milligram algae. The range for
the phosphorus content of algae is 0.0008 to 0.05 mg phosphorus per milligram
algae (Bowie and others, 1985). Simulations using the extremes of these ranges
showed that the model was insensitive to these coefficients. Subsequently,
mean coefficient values were selected and specified as 0.08 mg nitrogen per
milligram algae and 0.025 mg phosphorus per milligram algae. The empirical
half-saturation constants for nitrogen, phosphorus, and light (K. Ko, and Kp)
were specified as 0.3 mg/L, 0.04 mg/L, and 0.03 langleys per minute, respec-
tively, which were the means of the suggested ranges (National Council of the
Paper Industry for Air and Stream Improvement, 1982).

Algal respiration rates (p) can range from 0.005 to 0.60 reciprocal day
and algal maximum specific growth rates (p max) can range from 0.2 to 8.0
reciprocal days (Bowie and others, 1985). One limitation of the QUAL-II model,
however, is that these rates are specified for the entire model rather than
for the model subreaches and thus cannot be varied relative to the varieties
of plants present in each subreach. The algal respiration rate was specified
as 0.5 reciprocal day, and the algal maximum specific growth rate was specified
as 4.0 reciprocal days. These values were chosen from preliminary model simu-
lations of dissolved oxygen and nutrient concentrations. These values were
maintained throughout the remaining model calibration.
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Table 7.--Sensitivity analyses showing maximum changes in constituent concentrations
in the Richland Creek model from simulations using ranges in values of
model coefficients for the July diel-study conditions

[mg/L, milligrams per liter; ug/L, micrograms per liter]

Nitrite
plus
Dissolved nitrate Ammonia
oxygen Chlorophyll-a nitrogen nitrogen Phosphorus
Change in coefficients (mg/L) (ug/L) (mg/L) {mg/L) (mg/L)

Reaeration-rate coefficients
decreased 0.82 or 2.81
reciprocal days from the 4.03 0.01 0.00 0.00 0.00
calculated values for the
Krenkel and Orlob and the
Padden and Gloyna equations,
respectivelv.

increased 0.82 or 2.81

reciprocal days from the

calculated values for the 2.18 01 .00 .00 .00
Krenkel and Orlob and the

Padden and Gloyna equations,

respectively.

Velocity
decreased 33.3 percent from 1.74 73.24 .74 .67 .11
the calculated values.

increased 49.8 percent from 1.63 19.83 .63 .65 .05
the calculated values.

Ammonia oxidation rate
range from 0.003 to 0.5 1.47 12.84 2.93 2.97 .01
reciprocal days.

Nitrite oxidation rate
range from 0.09 to 20.0 .34 11.13 2.29 .02 .01
reciprocal days.

Chloraphyll-a to algae ratio

range from 20 to 100 micrograms .58 5.14 .41 .09 .06
chlorophyll-a per milligram
algae.

Nitrogen content of algae
range from 0.006 to 0.16 .05 8.72 .26 .06 .01
milligram nitrogen per
milligram algae.

Phosphorus content of algae
range from 0.0008 to 0.05 .04 3.57 .02 .01 .10
milligram phosphorus per
milligram algae.

Oxygen production and uptake
per unit of algae photosynthesis
and respiration range from uptake .12 .00 .00 .00 .00
of 1.6 and production of 1.8 to
an uptake of 2.3 and production
of 1.4 milligrams oxygen.
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Table 8.--Sensitivity analyses showing maximum changes in constituent concentrations
in the Richland Creek model from simulations using ranges in values of
model coefficients for the August diel-study conditions

[mg/L, milligrams per liter; ug/L, micrograms per liter]

Nitrite
plus
Dissolved nitrate Ammonia
oxygen Chlorophyll-a nitrogen nitrogen Phosphorus
Change in coefficients (mg/L) (ug/L) (mg/L) (mg/L) (mg/L)

Reaeration-rate coefficients
decreased 0.82 or 2.81
reciprocal days from the 3.90 0.01 0.00 0.00 0.00
calculated values for the
Krenkel and Orlob and the
Padden and Gloyna equations,
respectively.

increased 0.82 or 2.81

reciprocal days from the

calculated values for the 2.56 .01 .00 .00 .00
Krenkel and Orlob and the

Padden and Gloyna equations,

respectively.

Velocity
decreased 33.3 percent from 1.44 62.73 .82 87 .10
the calculated values.

increased 49.8 percent from 1.47 19.83 .82 .86 .03
the calculated values.

Ammonia oxidation rate
range from 0.003 to 0.5 2.15 4.76 4.29 4.31 .01
reciprocal days.

Nitrite oxidation rate
range from 0.09 to 20.0 .49 4.23 3.22 .01 .01
reciprocal days.

Chloraphyll-a to algae ratio

range from 20 to 100 micrograms .59 2.55 .38 <11 .05
chlorophyll-a per milligram
algae.

Nitrogen content of algae
range from 0.006 to 0.16 .05 .54 .27 .07 .01
milligram nitrogen per
milligram algae.

Phosphorus content of algae
range from 0.0008 to 0.05 .05 3.91 .03 .01 .07
milligram phosphorus per
milligram algae.

Oxygen production and uptake
per unit of algae photosynthesis
and respiration range from uptake .14 .00 .00 .00 .00
of 1.6 and production of 1.8 to
an uptake of 2.3 and production
of 1.4 milligrams oxygen.
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The light extinction coefficient (A) can range from 0.03 reciprocal foot
in very clear water, to 0.9 reciprocal foot in very turbid water (Bowie and
others, 1985). Values were specified for each model subreach and ranged from
0.10 to 0.70 reciprocal foot. The light extinction coefficients were chosen
in relation to measured stream depth and turbidity.

Bowie and others (1985) describe algal settling rates as being highly
variable, and they suggest that these rate coefficients (91) can range from
negative values, indicating a source of algae, to a maximum of about 30.0 ft/d
(feet per day), indicating algal sink or loss. Algal settling-rate coeffi-
cients were specified for each model subreach and were used as the primary
means of calibrating the model to simulate chlorophyll-a concentrations in
Richland Creek. BAlgal settling rates were calibrated for the July diel-study
conditicns, but these rate coefficients were not well validated by a simula-
tion with the August diel-study conditions (fig. 15). BAlgal settling rates
were then calibrated for the August diel-study conditions; however, these also
were not validated with a simulation using the July conditions (fig. 16).

Simalations were then performed to determine how sensitive the model was
7as chlorophyll-a) by comparing simulations without including algae
b el tzd model simulations with algae. Dissolved oxygen showed a maximum
change of ¢.41 and 0.47 mg/L for the July and August diel-study conditions,
respaectively (fig. 17). The results show that the model is very insensitive
to charnges in chlorophyll-a and that algae is probably not an important factor
in the dissolved oxygen depletion. The calibrated algal settling rates for
both the July and August conditions were used in the respective data sets for
the model. The specified algal settling rate coefficients ranged from 0.01 to
2.6 £t/d for the July diel-study conditions and from -1.9 to 3.2 ft/d for the
Avgust diel-study conditions.

Algal growth and respiration affect the nutrient concentrations in the
stream. Assuming this effect is accurately simulated by the model, the other
coefficients affecting the nutrient concentrations must then be specified.

The oxid~+tion rates of ammonia to nitrite and of nitrite to nitrate must first
be speciiied and then the source/sink rates for ammonia and phosphorus can be
adjusted to calibrate these constituents in the model (fig. 9).

The =mmonia oxidation rate can range from 0.003 to 0.50 reciprocal day
(Bowie an” others, 1985). Simulations were performed with this range to iden-
tify the =ensitivity of the model to the ammonia oxidation rate. Several of
the constituent concentrations changed significantly (tables 7 and 8) indicat-
ing that the model is fairly sensitive to changes in this rate. The oxidation
rate for asmmonia was not measured so it was specified as 0.25 reciprocal day,
the mean the suggested range.

The nitrite oxidation rate can range from 0.09 to 20.0 reciprocal! days
(Bowie and others, 1985). Simulations performed with this range showed that
the model was less sensitive to changes in this rate. This rate was specified
as 20 reciprocal days because, as discussed previously, a high oxidation rate
forces the model to simulate nitrite plus nitrate, the constituent actually
measured. This rate is within reason because nitrite concentrations are typi-
cally low and nitrite oxidation rates are generally high (Bowie and others,
1985).
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Figure 15.--Profiles of simulated and measured chlorophyll-a
concentrations in Richland Creek with algal
settling rates calibrated for the July diel
study and verified with the August diel study.
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The source/sink rates for ammonia and phosphorus were then adjusted until
the model-simulated concentrations approximated those measured during the July
diel study. Figures 18 and 19 show the ammonia and nitrite plus nitrate pro~
files for the model calibration and verification. The model underestimates
the ammonia concentrations for the August diel-study conditions, but the trends
are followed indicating that the coefficients are fairly well validated. It
appears that ammonia loads from the Belleville Area 1 WWTF are in error in the
model. Results from the sample analyses give no indication of a reason not to
trust the values. The verification for nitrite plus nitrate is also fairly
good although concentrations are overestimated downstream of RM 23.0 for both
the July and August diel studies.

Figure 20 shows the phosphorus profiles for the model calibration and
verification. The model is again fairly well verified although it tends to
underestimate the concentrations for the August diel study.

The most important and complex constituent modeled was dissolved oxygen.
Figure 9 shows which factors can affect the dissolved oxygen concentration in
the QUAL-II model. The model simulates dissolved oxygen using the following
equation (National Council of the Paper Industry for Air and Stream
Improvement, 1982):

—_— = Kz(O*‘O) + A(a3u-a4p)-(K1L)-(0.0353 K4/AX)-((1561N1)-(0'682N2) (11)

where t 1is time, in days;

0 1is the concentration of dissolved oxygen, in milligrams per
liter;

0* is the saturation concentration of dissolved oxygen at the
local temperature and pressure, in milligrams per liter;

K4 is the carbonaceous BOD decay rate, in reciprocal days;

Ko is the reaeration-rate coefficient, in reciprocal days;

K4 is the sediment oxygen demand rate, in milligrams per foot
per day;

a3 is the rate of oxygen production per unit of algal growth,
in milligrams oxygen per milligram algae;

ay is the rate of oxygen uptake per unit of algal respiration,
in milligrams oxygen per milligram algae;

ag is the rate of oxygen uptake per unit of ammonia oxidation, in
milligrams oxygen per milligram of ammonia nitrogen;

ag is the rate of oxygen uptake per unit of nitrite oxidation, in
milligrams oxygen per milligram nitrite nitrogen;

B4 is the ammonia oxidation rate.constant, in reciprocal days;

Bo is the nitrite oxidation rate constant, in reciprocal days;

A 1is the algae concentration, in milligrams per liter;

Ay is the average cross-sectional area, in feet squared;

# is the local specific growth rate of algae, in reciprocal days;
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p 1is the local respiration rate of algae, in reciprocal days;
L is the ultimate carbonaceous BOD, in milligrams per liter;

N4 is the concentration of ammonia nitrogen, in milligrams per
liter;

N, is the concentration of nitrite nitrogen, in milligrams per
liter; and

0.0353 is a constant to convert cubic feet to liters.

Measured values of the carbonaceous BOD decay rate coefficient (Kq) were
specified for each model subreach. The rate of oxygen uptake for both the
ammonia (ag) and nitrite (ag) oxidation reactions were specified as the
stoichiometric equivalent amounts necessary to balance the chemical reactions.
The oxygen uptake rates were specified as 3.43 mg oxygen per milligram ammonia
nitrogen oxidized to nitrite, and 1.14 mg oxygen per milligram nitrite nitro-
gen oxidized to nitrate (Bowie and others, 1985).

The reaeration rate coefficients (Kp) for Richland Creek were determined
from equations 6 and 7. Both equations 6 and 7 predict the reaeration-rate
coefficient as a function of depth. A simulation was performed to identify
the sensitivity of the model to changes in depth. The simulation compared a
20-percent increase and decrease in the modeled stream depths with the cali-
brated model. The modified simulation showed a large impact on the dissolved
oxygen concentrations. Concentrations changed as much as 3.18 mg/L for the
July conditions and 2.89 mg/L for the August conditions (fig. 21).

The largest impact was between RM 16.0 and RM 10.0 and occurred because a
20 percent change in depth caused a change in the equation used to predict the
reaeration-rate coefficients. As discussed previously, depths were determined
by dividing cross-sectional area by top width for each site. The values from
each two consecutive sites were then averaged to determine a depth for the
subreach between those two sites.

Oxygen production per unit of algal growth (a3) can range from 1.4 to 1.8
mg oxygen per milligram algae, and oxygen uptake per unit of algal respiration
(ag) can range from 1.6 to 2.3 mg oxygen per milligram algae (National Council
for the Paper Industry on Air and Stream Improvement, 1982). The sensitivity
of the model to these coefficient ranges was tested by comparing a simulation
using the maximum of the oxygen production and the minimum of the uptake rates
with a simulation using the minimum production and the maximum uptake rates.
Comparison of these simulations showed an insignificant impact on all the
constituents. The median values of 1.6 mg oxygen per milligram algae for the
oxygen production FYate and 1.95 mg oxygen per milligram algae for the oxygen
uptake rate were specified in the model.

The SOD rate (K4) was used for calibrating the dissolved oxygen in the
model. SOD rate coefficients can be highly variable depending on the amounts
of biologically oxidizable material in the sediments. Often these rates are
site specific and can differ even in a cross section of the stream. The SOD
rate coefficients were specified such that the model-simulated dissolved oxy-
gen concentrations approximated the measured dissolved oxygen concentrations.
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Figure 21.--Profiles of predicted dissolved oxygen concentrations
in Richland Creek for the calibrated model and a
simulation with modeled stream depths changes by
*20 percent for the July and August diel studies.
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SOD coefficients specified for the model ranged from 200 to 98,000 mg oxygen
per foot per day. These coeffic¢ients are dependent on the average width of
the subreach, and to obtain comparable values, the coefficients were divided
by the average width of their respective model subreach. The resulting ranges
then became 5 to 1,841 mg oxygen per square foot per day. These values were
comparable to the measured SOD values throughout much of the creek. Table 9
shows a comparison of the simulated and measured SOD. The highest demands in
the model correspond to an area around RM 29.0 where a large sludge deposit
was identified. Those subreaches with high demands also correspond with the
most ¢ritical subreaches of the creek, RM 29.0 to RM 23.0. To observe the
effects of SOD on dissolved oxygen, a simulation with SOD rates reduced by 20
percent was performed (fig. 22). It is apparent from this simulation that SOD
is a major factor affecting dissolved oxygen depletion and that the model is
sensitive to SOD changes.

Figure 23 shows profiles of the simulated and measured dissolved oxygen
concentrations. The July calibration coefficients are well validated by the
August simulations. As discussed previously, the section of Richland Creek
from around RM 29.0 to RM 23.0 has the most severe water-quality problems, in
terms of dissolved oxygen, of the entire study reach.

The model is fairly sensitive to both reaeration rate and traveltime
(velocity). As discussed previously, equations were developed to predict the
traveltimes (eq. 5) and the reaeration-rate coefficients (eqgs. 6 and 7) for
the model. Model simulations using plus and minus the standard error of these
equations were performed for both of these parameters. The resulting con-
stituent concentrations were then compared with the simulation concentrations
determined from the equation-predicted coefficient values. Although the model
is sensitive to the reaeration-rate coefficients (tables 7 and 8), a change of
one standard error did not significantly improve dissolved oxygen concentra-
tions in the critical subreaches of the creek (fig. 24). The model is also
sensitive to changes in traveltime (fig. 25). It is apparent then, that
incorrect traveltimes or reaeration rates could have a significant effect on
the modeled water quality. The values used in this model are the best esti-
mates from equations based on field measurements made between June and
September 1984.

Every attempt was made to use the most reasonable and accurate coeffi-
cients for model calibration. It is important to note, however, that due to
the many interrelated factors affecting constituent concentrations in the
model, some coefficients may be in error, with that error compensated by other
related coefficients. Thé model coefficients for the simulation of carbona-
ceous BOD were not validated. Some problems also were evident in the simula-
tion of ammonia concentrations. The impact of SOD on the dissolved oxygen
concentrations was large enough to have an overshadowing effect on the cali~
bration of other less important factors. Nevertheless, August verification
results indicate that the combination of model coefficients used are valigd,
and the model can simulate low-flow water quality in Richland Creek under some
differing hydrologic and waste-load conditions.
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Table 9.--Simulated and measured sediment oxygen demands

Measured sediment

Slqglated sediment oxygen demand oxygen demand

Demand Demand
Model (milligrams (milligrams
subreach River per day per River per day per
number miles square foot) mile square foot)
1 34.7 -~ 33.8 312 34.4 371
34.1 446
2 33.8 - 33.2 296 33.4 212
3 33.2 - 32.6 363 33.1 291
32.8 318
4 32.6 - 31.7 273 32.4 594
32.4 169
32.3 127
32.0 117
31.8 332
5 31.7 - 31.3 172 31.3 388
6 31.3 -~ 30.7 219 31.2 159
7 30.7 - 30.0 555 30.4 707
30.3 615
30.3 523
8 30.0 ~ 29.4 1,644
9 29.4 - 28.6 1,693
10 28.6 - 28.0 1,841
11 28.0 -~ 27.1 1,504 27.4 596
27.4 1,433
12 27.1 - 25,5 5
13 25.5 =~ 24.3 530
14 24.3 = 22.7 769
15 227 - 22.4 614
16 22.4 - 22.0 548
17 22.0 =~ 21.2 453
18 21.2 -~ 19.2 364 21.0 530
19 19.2 ~ 17.2 397 18.9 763
20 17.2 = 16.0 602
21 16.0 - 14.8 282 15.0 603
15.0 454
22 14.8 - 12.8 450
23 12.8 - 10.8 927 12.7 468
24 10.8 -~ 9.4 1,012
25 9.4 - 8.0 948
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Figure 22.--Profiles of predicted dissolved oxygen concentrations
in Richland Creek for the calibrated model and a
simulation with SOD rates reduced 20 percent for the
July and August diel studies.
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Figure 23.--Profiles of simulated and measured dissolved oxygen

concentrations in Richland Creek for the July and
August diel studies.
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Figure 25.--Profiles of predicted dissolved oxygen concentrations in
Richland Creek for the calibrated model and simulations
with plus and minus one standard deviation (SD) in the
stream velocity for the July and August diel studies.
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simulations Using Alternative Conditions

Simulated conditions were imposed on the model to demonstrate the model's
use as a tool to predict the effect of alternative management strategies. The
output from the.simulation was compared with that from the calibrated model to
evaluate the impact of changing the conditions.

One set of simulated conditions involved a reduction of the SOD in the
critical subreaches of the creek. For this simulation, SOD was reduced to
10,000 mg oxygen per foot per day between RM 30.0 and RM 27.1. Dividing by
the modeled stream width, this corresponds to SODs from 177 to 256 mg oxygen
per square foot per day.

Figure 26 shows the dissolved oxygen results for this simulation compared
with the calibrated model results. This reduction in SOD had a large effect
on the dissolved oxygen concentrations in the subreaches of the stream where
demands were reduced. A reduction in SOD of this magnitude brought dissolved
oxygen concentrations well above the State minimum standard of 5.0 mg/L.

Another simulated condition was to restrict all WWTF effluents to a maxi-
mum ammonia concentration of 1.5 mg/L. Most of the WWIF effluents were
already near or below this concentration of ammonia. The effects of ammonia
oxidation on the dissolved oxygen concentration were small compared to the
effects of SOD in the model; thus, this simulation did not significantly
improve dissolved oxygen concentrations in the creek (fig. 27). It did reduce
ammonia concentrations (fig. 28). However, assuming similar pH and tempera-
ture values as during the diel studies, this did not bring all the sites into
compliance with the State un-ionized ammonia standard.

A last simulation used WWTF effluent ammonia and BOD concentrations as
measured by the IEPA for the years 1978-80. The concentrations measured from
June, July, and August of those years were averaged for WWTFs that discharge
directly into Richland Creek. Data from WWTFs that discharge into tributaries
were first modified to account for assimilation by the tributaries into which
the effluent is discharged. It is apparent from looking at the yearly average
ammonia and BOD concentrations that the effluent quality of several of the
WWTFs is becoming worse. The exception to this is the Swansea WWTF which was
completely rebuilt, and now (1984) discharges an effluent of fairly good
quality.

The 1978-80 BOD data received from the IEPA has been analyzed as 5-day
BODs. The BOD decay rates measured from the WWTFs in 1984 were used with
these 5~day BODs to calculate the ultimate BODs for use in the model. The
1978-80 effluent quality data were simulated using both the July and August
model coefficients because the model's ability to simulate BOD could not be
verified. Downstream from the Swansea WWTF the BOD levels were much higher
than in 1984 because of the higher contribution from the old Swansea WWTF.
This effect was compensated for because the Belleville Area 1 WWIF did not
discharge BOD concentrations as high as those measured in 1984. Figure 29
shows the dissolved oxygen concentrations for this simulation and the cali-
brated model. Dissolved oxygen concentrations were reduced to less than the
State minimum for a short distance downstream of the Swansea WWTF, but there
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Figure 26.--Profiles of predicted dissolved oxygen concentrations in
Richland Creek for the calibrated model and a simulation
with sediment oxygen demands between river mile 30.0 and
river mile 27.1 reduced to 10,000 milligrams oxygen per
foot day for the July and August diel studies.
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Figure 27.--Profiles of predicted dissolved oxygen concentrations in
Richland Creek for the calibrated model and a simulation
with the wastewater treatment facility effluent ammonia
concentrations reduced to 1.5 milligrams per liter for
the July and August diel studies.
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Figure 28.--Profiles of predicted ammonia nitrogen concentrations in
Richland Creek for the calibrated model and a simulation
with the wastewater treatment facility effluent ammonia
concentrations reduced to 1.5 milligrams per liter for
the July and August diel studies.
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Figure 29.--Profiles of predicted dissolved oxygen concentrations in
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was little change in the rest of the creek. This simulation indicated that
the improvements made to the Swansea WWTF between 1980 and 1984 improved the
stream quality downstream of its discharge, but that otherwise there has been
little change since 1978.

SUMMARY AND CONCLUSIONS

Channel and streamflow characteristics, atmospheric reaeration rates, and
chemical-quality measurements were made on Richland Creek during low-flow
periods from June through September 1984. Water-quality data were collected
during two diel studies. Several subreaches of Richland Creek were identified
where the water quality exceeded the State general-use, water-quality standards.
The lowest dissolved oxygen concentrations were in the subreaches from RM 29.0
to RM 23.0 of Richland Creek. In these subreaches, dissolved oxygen concen-
trations were generally below 6.0 mg/L and most were below the State minimum
standard of 5.0 mg/L during both diel studies. Model simulations indicate
that depletion of dissolved oxygen in these subreaches was caused primarily by
high SOD rates.

Ammonia nitrogen concentrations, pH, and temperature were at levels that
caused the un-ionized ammonia concentrations to exceed the water-quality stan-
dard of 0:94 mg/L at four sites during the July diel study and at six sites
during the August diel study. Wastewater treatment facility effluent appeared
to be the major source of ammonia, but simulations using effluent with reduced
ammonia concentrations did not lower the un-ionized ammonia concentrations to
levels within the State standard at most of these sites.

The pH dropped slightly below the minimum standard of 6.5 standard units
at one site during the July diel study and at two sites during the August diel
study.

Boron concentrations in Catawba Creek exceeded the standard of 1,000 ug/L
during both diel studies. The boron concentration in Richland Creek Tributary
No. 2 also exceeded the standard during the August diel study. The total
dissolved solids and sulfate concentrations in Richland Creek Tributary No. 2
during the August diel study exceeded their respective standards of 1,000 mg/L
and 500 mg/L. Within Richland Creek, however, these constituent concentrations
were all within State standards during both diel studies.

Total iron concentrations exceeded the State standard of 1,000 ug/L
throughout much of Richland Creek. Mass balance calculations indicated that
the point sources were not a major contributing factor to these high concen-
trations.

Total copper concentrations exceeded the State standard 0f 20 ug/L at one
site during the July diel study and at three sites during the August diel
study. Mass balance calculations indicated that point sources probably were
a major factor influencing these concentrations.

Manganese concentrations exceeded the State standard of 1,000 ug/L at one
site during both diel studies. Mass balance calculations indicated that point
sources were not the major factor causing these high concentrations.
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The QUAL~II one-dimensional, steady-state, water-~quality model was cali-
brated for Richland Creek using water-quality measurements made during a low-
flow period in July 1984. The model coefficients derived from this calibration
were verified by simulating the water quality under different hydrologic and
wasteload conditions. This verification used water—quality measurements made
during a low-flow period in August 1984. The model was not verified for the
coefficients that affect carbonaceous BOD and chlorophyll-a concentrations.
These coefficients were redefined for the verification data set so that the
simulated concentrations of these constituents approximated those that were
measured.

Hypothetical SOD and effluent-quality conditions were imposed on the
model to simulate their effect on the water quality of Richland Creek. The
simulations indicated that reductions in SOD between RM 30.0 and RM 27.1 would
improve dissolved oxygen concentrations in the most critical subreaches of the
creek. Simulations also indicated that a reduction in ammonia concentrations
in WWTF effluent would have little effect on other constituent concentrations
in the creek. A final simulation showed that changes in effluent quality
since 1978 have had little effect on stream quality except in the vicinity of
the Swansea WWTF.
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