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CONVERSION FACTORS AND VERTICAL DATUM

Multiply | By | To obtain
Length
inch (in) 254 centimeter
inch (in) 254 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
: : Area
acre 4,04"7 square meter
acre 0.004047 square kilometer
square mile (mi®) 2.590 square kilometer
. Flow rate
cubic foot per second (ft’/s) 0.02832 cubic meter per second
million gallons per day (Mgal/d) 0.04381 cubic meter per second
Hydraulic gradient
foot per mile (f/mi) | 0.1894 | meter per kilometer
Area .
square centimeter (cm®) | 0.1550 | square inch
Volume
liter (L) 33.82 ounce, fluid
liter (L) 2.113 pint
liter (L) 1.057 quart
liter (L) 0.2642 gallon
Flow rate
meter per second (m/s) | 3.281 | foot per second
Pressure
kilopascal (kPa) 0.1450 pound-force per inch
kilopascal (kPa) 20.88 pound per square foot
kilopascal (kPa) 0.1450 pound per square inch

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=1.8 °C+32
Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/1.8

Sea level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from a general

adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level Datum of 1929.

Altitude, as used in this report, refers to distance above or below sea level.
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (uS/cm at 25 °C).
Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L) or micrograms per liter (ug/L).
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Simulation of effects of wastewater discharges on Sand Creek and
lower Caddo Creek near Ardmore, Oklahoma

By Edwin A. Wesolowski

Abstract

A streamflow and water-quality model was devel-
oped for reaches of Sand and Caddo Creeks in
south-central Oklahoma to simulate the effects of
wastewater discharge from a refinery and a municipal
treatment plant.

The purpose of the model was to simulate condi-
tions during low streamflow when the conditions con-
trolling dissolved-oxygen concentrations are most
severe.

Data collected to calibrate and verify the streamflow
and water-quality model include continuously moni-
tored streamflow and water-quality data at two gaging
stations and three temporary monitoring stations;
wastewater discharge from two wastewater plants; two
sets each of five water-quality samples at nine sites
during a 24-hour period; dye and propane samples;
periphyton samples; and sediment oxygen demand
measurements. The water-quality sampling, at a 6-hour
frequency, was based on a Lagrangian reference frame
in which the same volume of water was sampled at
each site.

To represent the unsteady streamflows and the
dynamic water-quality conditions, a transport model-
ing system was used that included both a model to
route streamflow and a model to transport dissolved
conservative constituents with linkage to reaction
kinetics similar to the U.S. Environmental Protection
Agency QUALZ2E model to simulate nonconservative
constituents. These model codes are the Diffusion
Analogy Streamflow Routing Model (DAFLOW) and
the branched Lagrangian transport model (BLTM) and
BLTM/QUALZE that, collectively, as calibrated mod-
els, are referred to as the Ardmore Water-Quality
Model.

The Ardmore DAFLOW model was calibrated with |

three sets of streamflows that collectively ranged from
16 to 3,456 cubic feet per second. The model uses only
one set of calibrated coefficients and exponents to sim-
ulate streamflow over this range. The Ardmore BLTM
was calibrated for transport by simulating dye concen-

trations collected during a tracer study when stream-
flows ranged from 16 to 23 cubic feet per second.
Therefore, the model is expected to be most-useful for
low streamflow simulations. The Ardmore
BLTM/QUALZ2E model was calibrated and verified
with water-quality data from nine sites where two sets
of five samples were collected. The streamflow during
the water-quality sampling in Caddo Creek at site 7
ranged from 8.4 to 20 cubic feet per second, of which
about 5.0 to 9.7 cubic feet per second was contributed
by Sand Creek. The model simulates the fate and trans-
port of 10 water-quality constituents. The model was
verified by running it using data that were not used in
calibration; only phytoplankton were not verified.
Measured and simulated concentrations of dis-
solved oxygen exhibited a marked daily pattern that
was attributable to waste loading and algal activity.
Dissolved-oxygen measurements during this study and sim-
ulated dissolved-oxygen concentrations using the Ardmore
Water-Quality Model, for the conditions of this study, illus-
trate that the dissolved-oxygen sag curve caused by the
upstream wastewater discharges is confined to Sand Creek.

Introduction

~ Sand Creek is an ephemeral stream draining a small area

northeast of the city of Ardmore, Oklahoma, (fig. 1). Sand
Creek flows into Caddo Creek about 5.54 miles down-
stream from the outfall of the city of Ardmore wastewater-
treatment plant (site 2). Caddo Creek is tributary to the
Washita River. Streamflow in Sand Creek is maintained in
the summer by treated wastewater from the city of Ard-
more and from a petroleum refinery and by ground-water
seepage.

The Clean Water Act requires all states to implement a
total maximum daily loads process for surface water where
water-quality controls are not adequate to achieve instream
standards for designated beneficial uses. A total maximum
daily loads process results in a loads allocation to all
sources, assembling a balance of controls between sources
within a drainage basin that will achieve instream
standards. The total maximum daily loads process may be
implemented in stages. For example, total maximum loads

1
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may be limited to point sources only or may include nonpoint
. sources and selected water-quality constituents. In 1991 the
Oklahoma Water Resources Board revised the stream classifi-
cation of Sand Creek, upgraded the beneficial-use designa-
tions to warm water aquatic community and primary body
contact recreation from the previous beneficial-use designa-
tion of habitat limited aquatic community. The upgraded ben-
eficial-use designation requires a higher quality of water and
affects the requirements for the quality of the municipal and
industrial wastewater discharged to the creek. The dissolved-
oxygen standard requires not less than 4.0 milligrams per liter
during 8 hours of a 24-hour period according to the upgraded
stream classification for summer (June 1 through October
31), when streamflow is at least 1.0 cubic foot per second
upstream of the wastewater plants (Bob Bednar, Oklahoma
Department of Environmental Quality, oral commun., 1998).
When zero streamflow exists above the wastewater plants,
the dissolved-oxygen standard requires not less than

2.0 milligrams per liter as a minimum (Bob Bednar, Okla-
homa Department of Environmental Quality, oral commun.,
1998). The Oklahoma Department of Environmental Quality
has performed preliminary water-quality modeling to deter-
mine the point-source total maximum daily loads for Sand
Creek and Caddo Creek and has determined wasteload allo-
cations for the city of Ardmore and the refinery. Because of
the limitation of the preliminary modeling, these wasteload
allocations were made with a stipulation that additional field-
work be conducied to develop a more refined model (Quang

Pham, Oklahoma Department of Environmental Quality, oral

commun., 1996).

The quality of treated wastewater is known at the
discharge points, but effects on the water quality are largely
unknown at downstream reaches of Sand Creek and Caddo
Creek. The U.S. Geological Survey, in cooperation with the
city of Ardmore, began an investigation in 1996 to (1) select
amodel that could be used to test the preliminary total
maximum daily loads determinations as the loads affect
dissolved oxygen during low flows and to simulate
water-quality conditions on a subreach of Sand Creek and an
subreach of Caddo Creek, (2) collect the data necessary to
calibrate and verify the model, and (3) calibrate and verify
the model. This report presents the results of that study. The
subreaches modeled were 5.86 miles on Sand Creek and 8.14
miles on Caddo Creek. A 5.88-mile subreach on Sand Creek
and an 14.58-mile subreach on Caddo Creek constitute a
study area where data were collected to calibrate and verify a
streamflow and water-quality model.

Description of study area

Sand Creek and the studied reach of Caddo Creek are wholly
or partially in Carter County. Generally, the study area is

located northeast of Ardmore, which is in the east-central part
of Carter County. Rainfall in Carter County is uniformly dis-

tributed throughout the year with a slight peak in spring.
Snowfall is infrequent (U.S. Department of Agriculture,
1979, p. 1). The county areal distribution of mean annual
precipitation increases from 31 inches in the northwest
comer to 39 inches along the southern half of the eastern
border (Oklahoma Water Resources Board, 1968, p. 26).
Mean annual precipitation at Ardmore is about

37 inches, about 5 inches of which leaves the basin as
runoff; evaporation, transpiration, and infiltration
account for the remainder. The average winter tempera-
ture is 46 degrees Fahrenheit, and the average daily min-
imum is 34 degrees Fahrenheit. The average summer
temperature is 83 degrees Fahrenheit, and the average
daily maximum is 94 degrees Fahrenheit (U.S. Depart-
ment of Agriculture, 1979, p. 1).

Carter County is predominantly woodlands and about
one-fourth prairie land. The dominant trees are
blackjack oak and post oak. The prairie grasses include
little bluestem, Indian grass, switch grass, and scattered
forbs (U.S. Department of Agriculture, 1979, p. 2). The
rocky northern border of the county slopes to steep
limestone hills that trend west to east. The terrain of the
southern border is nearly level to sloping tree-covered
uplands. The rest of the county is composed of very
gently sloping to strongly sloping tree-covered ridges
and side slopes and narrow to broad, nearly level to
gently sloping prairie valleys (U.S. Department of
Agriculture, 1979, p. 2). The major land-use categories
in the Caddo Creek drainage basin are rangeland and
pasture (56.9 percent) and forest (34 percent) (table 1).
The major categories in the Sand Creek drainage basin
are rangeland and pasture (41.0 percent), forest
(29.0 percent), and urban and built-up land
(25.3 percent). Each of the remaining land-use
categories account for less than 2 percent land use in
both drainage basins except cropland (3.9 percent) in
Caddo Creek (Gary Utley, Natural Resources
Conservation Service, written commun., 1997).

Caddo Creek drainage basin extends from the _
northwestern comer of Carter County east-southeasterly
and is 352 square miles. Caddo Creek flows into the
Washita River about 9.3 miles from the Caddo Creek
and Sand Creek confluence. The average gradient for
Caddo Creek is about 7 feet per mile. '

The Sand Creek drainage basin is 13.3 square miles.
The creek is 8.2 miles long and has an average gradient
of about 15 feet per mile.

Vegetation is similar but the species growth pattern
and density are different for the two creeks. Vegetation
growth pattems and density can affect algal
photosynthesis in the creek. Trees line the banks of
Caddo Creek but do not shade the entire creek. The land
use along the lower part of Caddo Creek is agricultural
and forest. The vegetation in the riparian zone of Sand

: 3



Table 1. Land use by acre and percentage for Sand Creek and Caddo Creek drainage basins near Ardmore, Oklahoma

[Percentages do not add up to 100 because of independent rounding; <, less than; source of data the National Resources Conservation Service]

Name ~ Acres Percentage
Sand Creek (a subbasin of Caddo Creek drainage basin)
Cropland S : 148.26 1.8
Rangeland — open grassland 2,075.64 25.6
Rangeland — Juniper or Eastern red cedar, low density less than 100 plants per acre 88.956 1.1
Rangeland — Blackjack - Post oak brush, low density — canopy less than 35 percent 79.072 1.0
Pasture land 1,077.356 13.3
Forest land - bottom land hardwoods 316.288 39
Post oak and Blackjack oak - cover type 2,036.104 25.1
Urban Ranchettes - (House and lot - sizes of 2 to 20 acres) 39.536 0.5
Farmsteads (greater than 5 acres) 9.884 0.1
Cemetery (rural) 9.884 0.1
Pecan Groves and pasture land 59.304 0.7
Urban and built-up land 2,055.872 253
Water 128.492 1.6
Total for Sand Creek 8,124.648
Caddo Creek drainage basin
Cropland 8,676.33 39
Rangeland - open grassland 87,109.17 38.9
Rangeland - Juniper and Red Cedar, low density - less than 100 plants per acre 1,936.86 09
Rangeland - Post oak and Blackjack, low density - canopy less than 35 percent 583.03 0.3
Rangeland - Post oak and Blackjack, high density - canopy greater than 35 percent 1,976.38 09
Pasture land! 35,545.28 159
Forest - Oak, Hickory, and associated species, greater than 70 percent deciduous 365.63 02
Forest - bottom land hardwoods : 10,158.62 45
Forest - Post oak and Blackjack oak 65,645.63 29.3
Urban Ranchettes - (House and lot - sizes 2 to 20 acres) 909.14 04
Farmstead (greater than § acres) 217.40 <0.1
Highway - multi-lane (four lanes or more) 563.27 03 .
Oil-waste land 118.58 <0.1
Quarries and gravel pits, greater than 5 acres 118.58 <0.1
Cemetery 59.29 <0.1
Oil and gas well site 39.53 <0.1
Pecan groves and pasture 3,537.73 1.6
Urban and built-up land 4,160.29 1.9
Water (lakes and ponds) 2223.43 1.0
Total for all of Caddo Creek 223,944.18

Creek changes from the headwater to the mouth from
grasses to shrubs then gradually becomes densely forested.
In the forested parts, trees shade much of the creek. Land
use along Sand Creek includes agriculture, forest, industry,
and urban.

and riffles. Pools generally are about 1 to 3 feet deep at
base flow. Riffles have cobble, gravel, and sand substrate
(Ferrella March, Oklahoma Water Resources Board, oral
commun., May 1996). Generally, at low streamflow, Caddo
Simulation of effects of discharging treated wastawates to Sand Creek and lower Caddo Creek near Ardmore, 0K
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1 pasture is rangeland that has been improved by grass sceding other than native grass (Gary Utley, Natural Resources Conservation Service, oral commun., 1998).

Creek is wider and shallower and has higher velocities than
Sand Creek. At streamflows less than 20 cubic feet per
second, the Caddo Creek channel widths range from about
20 to 40 feet, and depths range from less than 1 to 2 feet
except in the pools. At streamflows less than 10 cubic feet

) per second, the Sand Creek channel widths range from less
Caddo Creek and Sand Creek are characterized by pools  than 10 feet to about 15 feet, and depths range from 1 to

less than 3 feet except in pools. The creek banks are regular
with usually steep slopes and generally are inaccessible
because of thick foliage. Sand Creek below the treatment
plants to its confluence with Caddo Creek has varying



densities of submerged algal macrophytes rooted to the
streambed. Algal macrophytes will be referred to as
periphyton in this report.

Treated wastewater enters Sand Creek from municipal and
industrial sources. The wastewater from the city of Ardmore
is treated in a rotating biological contactor system and is
continuously discharged through a sloping concrete-step
chute to acrate before it enters Sand Creek. Discharge stops
about 4 hours weekly to clean the system. The volume of
discharge varies according to the amount of influent. The
design capacity of the wastewater-treatment plant is
6.2 million gallons per day (about 9.6 cubic feet per second)
daily average discharge and 15.5 million gallons per day
(24.0 cubic feet per second) peak discharge (Don Stanford,
superintendent, Ardmore Wastewater Treatment Plant, oral
commun., June 1997). During July 13 through September 27,

1997, when samples were collected for the study, the range of

discharge was 0.4 to 8.2 million gallons per day (0.61 to
12.6 cubic feet per second).

The refinery wastewater discharge is mostly continuous,
but there are times of no discharge. The refinery wastewater
is treated in oil and water separators, operators, and acrated
lagoons and discharged from a lagoon through one outfall
into a tributary of Sand Creek 0.32 mile upstream from the
outfall at the Ardmore treatment plant. The average daily
discharge at the refinery wastewater-treatment plant is
0.6 million gallon per day (0.9 cubic foot per second), and the
maximum discharge is about 1.5 million gallons per day
(2.3 cubic feet per second). Typically, during the summer,
daily wastewater discharges range from 0.3 to 0.9 million
gallon per day (0.5 to 1.4 cubic feet per second) (Darcy
Jordan, environmental engineer, Total Petroleum, Inc., oral
commun., June 1997).

The study area where data were collected encompasses
20.46 river miles on Sand and Caddo Creeks — 5.88 miles on
Sand Creek and 14.58 miles on Caddo Creek (fig. 1). The
Sand Creek section begins 0.02 mile upstream from where
the refinery treated effluent enters Sand Creek and ends at the
confluence with Caddo Creek. The Caddo Creek section
begins 7.40 miles upstream of the confluence with Sand
Creek and extends 7.18 miles downstream from the
confluence. Data were collected from 14 sites in the study
area. The sampling sites, including the station number, river
mile location, station name, and description is listed in table
2.

Data collection

Data collected to calibrate and verify the water-quality model
described in the following section of the report include: (1)

continuous (15-minute) streamflow and (hourly) temperature,

specific conductance, pH, and dissolved oxygen at two sur-

face-water monitoring stations (station number 07330500 and
site 7); (2) continuous (hourly) gage height, temperature, and
specific conductance at two surface-water monitoring stations

from April through September 1997 (sites 2 and 9); (3)
continuous (hourly) temperature and specific conduc-
tance at one monitoring station from April through Sep-
tember 1997 (site 2); (4) continuous (hourly) wastewater
discharge at two point source sites (wastewater plants;
sites 1 and 2); (5) two sets each of five synoptic samples
at nine sites during a 24-hour period from

July 29-August 1, 1997, and August 26-29, 1997 (sites 1
t0 9); (6) tracer (dye and propane) samples at six sites
from July 16-19, 1997 (sites 3 to 5 and 7 to 9); (7) per-
iphyton samples at nine sites during August 1-29, 1997
(sites 3, 3A, 3B, 4, 5, 7t0 9, and 9A); and (8) sediment
oxygen demand measurements at seven sites during
September 18-24, 1997 (sites 3 to 5 and 6 to 9). The sites
where data were collected are described in table 2, and
shown in figure 1. The data are listed in Appendices 1, 2,
and 4.

A tracer study was conducted to determine traveltime
and reaeration. The calibrated model is expected to be
used to simulate water-quality conditions only during
low streamflow conditions. Thus, only one tracer study
at low streamflow was done. Traveltime measurements
were made using methods described in Kilpatrick and
Wilson (1989). The modified-tracer technique for the
area method developed by Kilpatrick and others (1989)
was used to measure reacration coefficients. Stream
reaeration coefficients can be measured using propane
gas tracers because the desorption of the gas tracer is
related to absorption of oxygen under similar flow

conditions. Kilpatrick and others (1989, p. 7) describe

the formulation and the constant that expresses the ratio
of the reaeration rate coefficient to the desorption rate
coefficient of propane gas. The tracer data are listed in
Appendix 1.

Two separate tracer injections were made, one on

Caddo Creek and one on Sand Creek. The Caddo Creek

tracer study began with a 1-hour tracer injection at site 6
and ended with sampling at sites 7, 8, and 9. The Sand
Creek tracer study began with a one-half hour tracer
injection between sites 1 and 2 and ended with sampling
at sites 3, 4, S, and 7. Conservative (fluorescent-dye;
20-percent solution of rhodamine WT) and
nonconservative (propane-gas; commercial grade)
tracers were injected simultaneously into the creeks.
Dye samples were collected at midstream (50-percent
streamflow line) at varying intervals to define the entire
dye cloud until dye concentrations decreased to
2 percent of the peak concentration or 0.2 microgram
per liter, whichever was lower. Two dye samples were
collected at a time. One sample was analyzed
immediately by using one of several field fluorometers.
The other dye sample was analyzed in the U.S.
Geological Survey, Oklahoma District laboratory. The
same calibrated fluorometer was used to measure all dye
samples in the laboratory. Gas samples were collected
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Table 2. Station number, river miles from site 1, station name, and description of samples collected at site for the Ardmore Water-Quality Model for

Sand and Caddo Creeks near Ardmore, Oklahoma

: . River miles
Site Station downstream Station name Description
number number .
from site 0

0 07330613 0.00 Sand Creek site 0 head water ~ No flow during synoptic sampling, no samples collected. Gage height
near Ardmore and water-quality monitoring.

1 07330615 0.02 Sand Creek site 1 point source  Synoptic sampling. Model boundary condition for wastewater
from wastewater plant discharge and water quality. Gage height and water-quality
near Ardmore monitoring. '

2 07330618 034 Sand Creek site 2 pointsource  Synoptic sampling. Tracer injection. Water-quality monitoring. Model
from wastewater plant boundary condition for wastewater discharge and water quality.
near Ardmore

3 07330625 091 Sand Creek site 3 comparative  Synoptic, tracer, periphyton, and sediment oxygen demand sampling.
sample site near Ardmore '

3A 07330630 223 Sand Creek site 3A near Periphyton sampling and portable dissolved-oxygen monitor.
Ardmore

3B 07330635 3.64 Sand Creek site 3B near Periphyton sampling and portable dissolved-oxygen monitor.
Ardmore

4 07330665 440 Sand Creek site 4 comparative  Synoptic, tracer, periphyton, and sediment oxygen demand sampling.
sample site near Ardmore _

5 07330680 551 Sand Creek site 5 comparative ~ Synoptic, tracer, periphyton, and sediment oxygen demand sampling.

: sample site near Ardmore

-- 07330500 V) Caddo Creek near Ardmore Surface-water flow and water-quality monitoring. Model boundary

condition for streamflow.

6 07330610 ) Caddo Creek site 6 point Synoptic, periphyton, and sediment oxygen demand sampling. Tracer
source upstream from injection. Model boundary condition for water quality.

Sand Creek confluence
near Ardmore

7 07330700 6.54 Caddo Creek site 7 Synoptic, tracer, periphyton, and sediment oxygen demand sampling.
comparative sample site Surface-water flow and water-quality monitoring.
near Gene Autry

8 07330720 8.68 Caddo Creek site 8 Synoptic, tracer, periphyton, and sediment oxygen demand sampling.
comparative sample site
near Gene Autry

9A 07330790 31230 Caddo Creek site 9A near Periphyton sampling.

Gene Autry

9 07330800 13.06 Caddo Creek site 9 Synoptic, tracer, periphyton, and sediment oxygen demand sampling.
comparative sample site Gage height and water-quality monitoring.
near Gene Autry

! Site is 7.40 miles upstream from confluence with Sand Creek.

2 Site is 0.96 mile upstream from confluence with Sand Creek or 1.62 miles upstream of site 7.

3 Approximate.

(two at a time) at midstream at about one-half the interval
of the dye samples. The gas samples were analyzed by the
U.S. Geological Survey, Quality of Water Service Unit lab-
oratory in Ocala, Florida. Two gas samples were sent to the
laboratory to increase the probability of at least one sample
arriving unbroken. If both samples arrived unbroken, only
one was analyzed to reduce cost. Dye and gas concentra-
tions are included in Appendix 1.

Two sets of water-quality synoptic samples were
collected: one set for the model calibration and the other set
for model verification. In order to get a representative
sample of the phytoplankton and water quality in the cross
section, whole water samples were collected using

sediment-sampling techniques (Shelton, 1994). Field
water-quality measurements were made with portable
multiparameter instruments. These instruments were
calibrated before sampling, and were checked several times
during synoptic sampling. Since several portable,
multiparameter instruments were used at the same site
during the 24-hour sampling period, it was necessary that
all multiparameter instruments measure concentrations
precisely, in accordance with acceptable error. The
multiparameter instruments were calibrated, then
measurements of a common water sample were made using
each multiparameter instrument, and these measurements
were compared for consistency.

6  Simulation of effects of discharging treated wastawater to Sand Creek and lower Caddo Creek near Ardmore, 0K



The water-quality synoptic sampling was based on a
Lagrangian reference frame in which the same parcel of
water was sampled at each site. Dye concentrations were
monitored at six sampling sites on Sand and Caddo Creeks
following a slug injection of fluorescent dye (rhodamine WT)
into Sand Creek a short distance upstream from the site 2
outfall, Synoptic sampling began when the peak dye
concentration reached a sampling site. Five samples were
collected within a 24-hour period using a 6-hour sampling
frequency. Samples were analyzed by the U.S. Geological
Survey, Quality of Water Service Unit laboratory in Ocala,
Florida. Twenty-day carbonaceous biochemical oxygen
demand samples (filtered and unfiltered) were analyzed by
the Ardmore Central Laboratory in Ardmore, Oklahoma. The
U.S. Geological Survey laboratory analyzed samples for total
ammonia as nitrogen, total nitrite as nitrogen, total ammonia
plus organic nitrogen as nitrogen, total nitrate plus nitrite as
nitrogen, total phosphorus as phosphorus, total hydrolyzable
plus orthophosphorus as phosphorus, turbidity,
phytoplankton and periphyton chlorophyll-a, periphyton
biomass (ash weight and total dry weight), and propane. Field
measurements were made of temperature, barometric
pressure, specific conductance, dissolved oxygen, pH, and
alkalinity.

Sediment oxygen demand samples were collected at seven
sites — three on Sand Creek and four on Caddo Creek.
Murphy and Hicks (1986) describe the methods used to
collect samples. Three sediment oxygen demand chambers
and one control chamber, to account for the water-column
respiration rate, were used at each site. Three open-bottom
sediment oxygen demand chambers were placed as to isolate
an area on the streambed, and tests were conducted for
various durations. It usually required about 3 to 4 hours to get
a measurable decrease in dissolved-oxygen concentration.
Sediment oxygen demand measurements are listed in
Appendix 2. All data collected for this project are published
in this report and are stored in the USGS National Water
Information System or the Oklahoma District files. The
calibration and verification data sets can be accessed at:
http://water.usgs.gov/lookup/get?wri99-4022

Simulation of effects of wastewater discharge

Model description

A calibrated and verified water-quality model is needed to
determine how present and future treated-wastewater dis-
charge from the city of Ardmore and the refinery will affect
streamflow quality downstream in Sand Creek and Caddo
Creek. Wastewater discharge from the city of Ardmore, while
relatively stable, does vary daily and seasonally. Wastewater
discharge from the refinery, when flowing, is fairly stable.
However, discharge from the refinery can stop for periods
that vary from hours to days depending on operating circum-
stances. Similarly, the streamflows in both Sand Creek and
Caddo Creck are unsteady because the streamflow changes

with weather conditions. Modeling of both streamflow

“and transport must account for these dynamic condi-

tions. The pool-and-riffle nature of the study reach also
adds to the complexity of the stream hydraulics, making
estimation of velocities, depth, and cross-sectional areas
both more difficult and more important.

The U.S. Environmental Protection Agency
Enhanced Stream Water Quality Model (QUALZE) is a
one-dimensional, steady state, stream water-quality
model. The computer program documented by Brown
and Bamwell (1987) is widely used and has
sophisticated water-quality kinetics. QUAL2E has
several limitations, however, when applied to problems
like those in this study. First, the model is steady state,
thus discharges of both the treated water and the
receiving water must be assumed to be unchanging
during the period modeled; an unrealistic assumption for
this study. Second, stream reaches are assumed to have
uniform hydraulics, and computational elements must be
uniformly spaced. Finally, QUAL2E does not account
for transient storage; the model assumes instantaneous
and complete mixing in each model subreach. Given the
pool-and-riffle nature of the study reach, a model that
incorporates transient storage will better represent the
study area.

A transport modeling system was needed that
included both a model to route streamflow and a model
to transport dissolved conservative constituents with the
reaction kinetics to handle nonconservative constituents.
The diffusion analogy streamflow routing model
(DAFLOW) (Jobson, 1989) and the branched
Lagrangian transport model (BLTM) (Jobson and
Schoellhamer, 1987) form such a modeling system and
were used in this study. DAFLOW is a streamflow
model designed to be used in conjunction with BLTM,
and produces output files that can be used as input to the
BLTM.

DAFLOW is designed to route streamflow and
estimate stream velocity for a system of one-
dimensional open channels with a minimum of field
data. A routing model predicts temporal and spatial
variations of a flood wave as it traverses a river reach.
Therefore, any ungaged inflows (or diversions) must be
explicitly added (or subtracted) by imposing those flows
as boundary conditions. DAFLOW is a different
formulation of the earlier CONROUT model (Doyle and
others, 1983). Both DAFLOW and CONROUT are
based on the diffusion analogy method (Henderson,

" 1966) of routing in which the acceleration terms in the

Saint-Venant equations are neglected. CONROUT has
been used successfully in many applications because of
its relative simplicity. The model requires only three
parameters all of which have a physical basis. These
parameters are X = routing distance, Co = flood-wave
celerity (controls traveltime of the wave), and Ko =
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dispersion coefficient (controls spreading of the
wave). Because wave celerity and dispersion
coefficients generally vary with streamflow and in a
nonlinear fashion, CONROUT requires the parameters
be redefined at different ranges of discharge.
Calibration over the expected range in streamflows
requires a process described as multiple linearization
(McQuivy and Keefer, 1974). DAFLOW avoids this
problem by defining the parameters in terms of
relations between streamflow and hydraulic geometry
coefficients and exponents.

At the heart of DAFLOW are two hydraulic
geometry equations — one relating cross-sectional
area, A, to normal discharge, Qg, and the other relating
width, W, to Qg:

Az
A=A,0¢ "+A, 1)
W .
wW=w_0 " @
Equation 1 is the equivalent of a rating curve

relating area and streamflow. Normal discharge is
defined as the steady-state discharge that corresponds

to a cross-sectional area of A. Flood-wave celerity, Co,

can be shown to be a function of %2° A, is called the
hydraulic geometry coefficient an(%‘z is the hydraulic
geometry exponent (Jobson, 1989). Therefore,
coefficient A, and exponent A, define the flood-wave
celerity. A, is the average cross-sectional area at zero
flow and accounts for water stored in pools that would
not completely drain if flow ceased. Ay would be zero
for an ephemeral stream in which there is no standing
water at zero flow. Similarly, the hydraulic geometry
coefficient for width W, and hydraulic gcometry
exponent for width W, of equation 2 are important in
defining dispersion.

Equations 1 and 2 permit the use of geomorphol-
ogical relations to estimate the flood-wave celerity and
dispersion coefficients using limited data from the
study reach. In the absence of geomorphol-
ogical data for the reach in question, data reported by
Leopold and Maddock (1953), Leopold and Miller
(1956), Boning (1974), Boyle and Spahr (1985), and
Graf (1986) can be used to estimate the hydraulic
geometry exponents, allowing the routing model to be
calibrated with very limited field data. In this study, a
subroutine of the DAFLOW program was used to
estimate the hydraulic geometry coefficients and
exponents.

The BLTM (Jobson and Schoellhamer, 1987)
solves the one-dimensional advective dispersion
equation by using a Lagrangian reference frame in
which the computational nodes move with the
streamflow. This allows the user to follow a specific
parcel of water and observe the reactions as that parcel

moves through the system. BLTM was an extension of the
earlier Lagrangian transport model (LTM) documented by
Schoellhamer and Jobson (1986). Recent enhancements to
the BLTM link to the QUALZ2E routine so that the QUAL2E
reaction kinetics can be applied to unsteady flow (Jobson,
1997).

The BLTM has been widely used to examine water-
quality processes in rivers. These applications include the
Sacramento-San Joaquin Delta and Suisun Marsh in
California (California Water Resources Control Board,
1996), the Waccamaw River and the Atlantic Intracoastal
Waterway near Myrtle Beach, South Carolina (Drewes and
Conrads, 1995), the Colorado River of Arizona (Graf, 1995),
the Congaree and Wateree Rivers in South Carolina (Bulak
and others, 1993), the New River of West Virginia (Wiley,
1993), and the Chattahoochee River in Georgia (Jobson,
1985).

The following steps were used to calibrate the various
coefficients and exponents for the DAFLOW and BLTM,
including the QUALZ2E subroutine. First, the DAFLOW was *
calibrated to simulate streamflow; second, the BLTM was
calibrated to simulate transport; and last, QUAL2E was
calibrated to simulate water-quality constituent concen-
trations. A naming convention was used to distinguish the
various codes (models) and to distinguish between the code
and calibrated model. When referring to the model code, the
generic names DAFLOW, BLTM, and BLTM/QUALZ2E will
be used. When referring to the calibrated model, the name
Ardmore will precede the generic name. When reference is

made to the Ardmore BLTM or the Ardmore
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