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CHAPTER I 

 

INTRODUCTION 

 

Within the Mill Creek Watershed (MCW) in Williamson and Davidson counties, 

Tennessee, an endangered species, Oconectes shoupi (Nashville Crayfish) is in peril due 

to loss of aquatic habitat and water quality integrity (Arnwine, 2003). The stream has 

violated federal and state laws regulating nutrient levels, siltation, fecal coliform bacteria 

and dissolved oxygen (Wang, 2005).  Chemical analysis of stream waters allows for the 

identification of contaminant and water quality concerns where stream ecosystems are 

affected. Investigation of impairment issues is important to enable site specific 

management strategies for mitigation and remediation of impaired streams.  

Streams along and near developed areas have experienced anthropogenic impacts 

detrimental to their riparian zones and aquatic habitat. The ecological diversity of these 

areas has decreased since the exploitation of waterways has been a focal point of human 

progress and development. In 1969 the US government officially recognized the 

damaging effects industrialization had on the environment and began a campaign of 

environmentally motivated regulations and legislation to stem the amount and types of 

pollutants released into our natural waters by point sources.   

In 1972, the Water Pollution Control Act, also called the Clean Water Act 

(CWA), was signed into law. It was amended in 1977 [section 303(b)], and charged states 

with biennial reporting of water quality to Congress and the United States Environmental 

Protection Agency (USEPA). Section 303 requires the ranking by water quality of the 
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states’ rivers, streams, creeks, and lakes, enforces the protection of the current water 

quality in those natural waterways and imposes regulations for improvement to 

waterways that are reported as impaired (Wang, 2005). The Tennessee Department of 

Environment and Conservation’s (TDEC) Division of Water Pollution Control has 

primary responsibility of assessing and maintaining the quality of the surface waters in 

Tennessee (Wang, 2005).  Fewer than 50% of Tennessee’s streams and rivers have been 

assessed for water quality. Thirty percent of the assessed streams were classified as either 

partially or fully impaired. The cause of impairment in at least 10% of those impaired 

streams is excess nutrient loads (Wang, 2005). Other major causes of impairment are 

siltation, habitat alteration and pathogens. Primary contributors to these pollutants are 

from non-point sources such as agricultural activities, hydrologic modification, urban 

runoff, and development that disturb and redistribute sediments.                                             

These pollutants and their sources are pervasive throughout the rural and urban 

communities of the US where populations have access to and develop around surface 

waters.  Understanding the quantity and pathways of source contaminants along with how 

those contaminants are transported in surface waters can help states better achieve the 

water quality standards that are required by law. One non-point source nutrient, 

phosphorus, has been implicated in the impairment of Mill Creek, which has exceeded 

USEPA standards for phosphate levels since TDEC began sampling in 1998. 

Phosphorus (P) is essential for all living organisms yet it is also a potential 

contaminant in natural water systems (Bowes, et al., 2003; Hanrahan, et al., 2005). 

Because it is often a limiting nutrient, high P loads can cause algal blooms and 

subsequently lower the dissolved oxygen in a stream.  Phosphorus in natural waters is 
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detected in both organic and inorganic forms. Organic phosphorus is most closely linked 

with biota and is released into the environment as a byproduct of their decomposition.  

Other forms of organic P are derived from human and animal wastes.  Inorganic forms of 

P occur naturally as apatite and phosphorite deposits and P residues dominated by 

hydroxyapatite in geologic formations.  Disturbing soil and rocks near streams and creeks 

can release P particulates and soluble P. Other inorganic forms, orthophosphate and 

polyphosphate, are often found in natural waters. Orthophosphate is most commonly 

associated with fertilizers applied to crops and residential lawns; other sources include 

leaky septic tanks and sewage treatment plants. Polyphosphates are found in detergents 

and cleaning agents used in industrial settings to prevent the calcification of heavy 

machinery.  Identifying P forms (organic or inorganic) and transport pathways, whether 

as particles, sorbent, or dissolved, can permit a better understanding of P waste streams 

causing impairment.  

Distribution of phosphorus in natural surface environments is controlled by 

advection/dispersion, biological uptake and physiochemical adsorption (Filella and 

Buffle, 1995a, Barlow et al., 2004). P can adsorb onto colloids, particulate matter 

typically < 1µm in diameter, have recently been the focus of many studies on 

contaminant transport in natural waters and the surrounding soils (de Jonge, et al., 2004, 

Stumm, 1992, Buffle and Leppard, 1995a).  Particulate matter in natural waters is 

commonly dominated by clay minerals, iron (oxyhydr)oxides, bacteria, organic matter, 

and silica (Atteia 1998). Colloids have long settling times, large specific surface areas 

and can be transported over very long distances (McCarthy and Zachara, 1989).  Moran 

and Moore (1989) estimate that at least one half of suspended particles in natural waters 
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are less than 1µm in diameter. This material may be responsible for a disproportionately 

large contribution to contaminant transport relative to its mass because these charged 

species and solids have high reactivity (Atteia et al., 1998; Buffle and Leppard, 1995b).  

Hence colloidal transport can be an influential contributor to phosphorus loads. 

Here we will examine the geochemical response of P and other water quality 

parameters to spatial variations in land use during wet and dry weather periods in three 

regions of the MCW, with the aim to indicate the P form and particle size responsible for 

contamination and transport under specific flow conditions. Understanding P response to 

seasonal flow conditions throughout the watershed will also allow for better monitoring 

techniques in a system with both anthropogenic and geologic P inputs. Identifying these 

pathways will allow scientists and policy makers to find solutions to the problem of P 

overloading and improve the overall water quality of MCW and similar streams. 
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CHAPTER II 

 

 FIELD SITE BACKGROUND  

 

Ecoregion 

USEPA guidelines for assessment of potential stream impairment and integrity 

employ the use of “ecoregions”. These are relatively homogenous areas defined by 

similarity of climate, landform, soil, potential natural vegetation, hydrology, and other 

ecologically relevant variables (Arnwine, et al., et al., 2000).  Ecoregions allow for 

comparison of water quality in streams with similar environmental settings. The Central 

Basin of Tennessee, in which lies the Mill Creek Watershed (MCW), is part of the 

Interior Plateau ecoregion (71). Regional geologic formations, variable hydrology, soils 

and vegetation revealed the need to designate subecoregions within the primary 

ecoregion.  

 

 

 

 

 

 

 

 

Figure 1: TDEC subecoregions
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The Interior Plateau was divided into 8 subecoregions on the basis of natural nutrient 

loads, seasonal variability, habitat, and biota (Figure 1). Mill Creek is within the Inner 

Nashville Basin subecoregion (71i).  TDEC characterizes this subecoregion as having 

thin soil, karst limestone, intermittent surface streams, and cedar glades (Arnwine, et al., 

2000). This subecoregion has large phosphate deposits in several key stratigraphic units 

that can contribute to the natural P loads in its streams.  

 

Watershed Geography 

  
The headwaters of the MCW are at the intersection of western Rutherford County 

with the southeastern portion of Davidson County and the northeastern portion of 

Williamson County (Figure 2). Mill Creek flows west to State Route 252. It then turns 

northward towards the Cumberland River draining the eastern side of the city of 

Brentwood, and most of Antioch, Glencliff, Woodbine, and the Nashville International 

Airport before reaching its confluence with the Cumberland River. 

 

Land Use 

At the beginning of this research project the watershed was categorized into three 

land use types; agricultural, suburban, or urban and industrial.  Three locations were 

chosen for sampling sites based on the primary land use in that region: MCW-A for the 

agricultural headwaters subwatershed (Figure 3),  MCW-B (Figure 4) for the middle 

suburban subwatershed, and MCW-C (Figure 5) for the urban subwatershed nearest the 

confluence with the Cumberland River (Figure 6). The sampling site for MCW-A is 

located in the town of Nolensville, downstream of a predominantly agricultural region. 
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Figure 2:  Mill Creek Watershed Geography
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Pasture land is within the headwaters and a dairy farm where cattle have full 

stream access is approximately 1 km upstream from this sampling site. This agricultural 

community is changing quickly. Throughout this study development has encroached 

upon the rural communities near Nolensville (Figure 7). 

 

            

 

 

 
Figure 4: MCW-B, upstream 

Figure 3: MCW-A, upstream 
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Figure 5: MCW-C, upstream 

Figure 7: New development near Nolensville, TN, showing high impervious surface area and  
               disturbed soils. 
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Figure 6: Land use in Mill Creek watershed 
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           The MCW-B subwatershed begins just above the confluence of Owl Creek and 

Mill Creek (Figure 8).  Owl Creek drains a suburban community located in the town of 

Brentwood in Williamson County. The sampling location that marks the downstream end 

of the subwatershed is at Ezell Park.  

MCW-C drains a highly urbanized area, including the Nashville International 

Airport. The subwatershed encompasses an area of industrial businesses, freight train 

yards, densely packed urban communities and a sewage outfall managed by the City of 

Nashville. The confluence of Mill Creek with the Cumberland River is adjacent to an 

industrial park. The sampling location for this subwatershed is at McRedmond Farms. 

This is the last remaining farm within the Nashville city limits; however, the farm is no 

longer active. Steep hillsides and 10 m bluffs prevented sampling closer to the confluence 

with the Cumberland River.  

 

Physical Hydrology  

 
Mill Creek, a 4th order stream (Figure 8), is 47 km long, draining an area of 277 km2.  

MCW-A encompasses the headwaters and all drainage of the watershed east-southeast of 

Edmonson Branch and west-southwest of Indian Creek. This reach has a stream order of 

2 and is approximately 11 km long with an area of 57 km2. The average discharge for 

MCW-A is 65 cfs, based on ten years of daily historical records from the USGS.  The 

sampling site for MCW-A is at the intersection of U.S. Route 41 and State Route 253. A 

gaging station monitored by the USGS was 0.25 km upstream from the sampling site. 

Data collected at this station was used for historical context for this study. The gage was 

abandoned in October, 2004.   
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MCW-B begins 0.25 km south of the confluence of Owl and Mill Creeks (Figure 

8). It drains the areas east of Sevenmile Creek to the eastern border of the greater MCW. 

Major tributaries in MCW-B are Owl Creek and Indian Creek. MCW-B has an area of 

124 km2 and the reach of Mill Creek is 17 km long. The average discharge is 94 cfs 

determined by flow duration curve models. 

MCW-C begins at Ezell Park and drains the watershed northward to the 

Cumberland River. MCW-C’s major tributaries are Sevenmile Creek and Sims Branch, 

however MCW-C was sampled upstream of the confluence with Sims Branch which 

drains part of the Nashville International Airport. This subwatershed has an area of 97 

km2 and is 16 km long on the main stem. 
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Figure 8: Mill Creek Hydrology
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Geomorphology  

Mill Creek is a meandering stream with limestone comprising the bed and banks. 

It has a bedrock channel with steep banks in most locations. The channel is 

approximately 7-10 m wide at sampling location MCW-A, growing to a width of 

approximately 15 m near the mouth. The depth of the water is 0.5 m at MCW-A, 

increasing to a depth of 1 m at MCW-C. Mill Creek has riffle-run-pool sequences with 

length scales increasing downstream.  

MCW-A is approximately 8 m wide and 0.5 m deep at the thalweg of the stream 

under average flow conditions. Directly upstream from the sample site is a bridge with 

abutments and riprap lining the banks. The riparian area on the right bank is 1-3 m wide. 

The riparian area on the left bank is 5-10 m wide and is steeply sloped. The stream 

channel and the right bank have short gravel beds and bars. 15 m downstream from the 

sampling site the stream returns to a bedrock channel with bedrock and developed soils 

lining the banks. 

MCW-B is approximately 10-12 m wide and 0.5-1 m deep at the thalweg of the 

stream under typical flow conditions.  Access to the stream was obtained near a large 

bridge with abutments and riprap.  The riparian area is 1-3 m wide on the left bank and 3-

5 m wide on the steeply sloped right bank. Bedrock dominates the streambed in this 

location and the banks are limestone bluffs 1-4 m in height. 

MCW-C is approximately 12-15 m wide and 0.75-1.5 m deep at the thalweg of 

the stream under average flow conditions. There is a large freeway interchange directly 

downstream from the sampling site. The site has also had historic modifications with a 

small dam used for irrigation purposes. However, the dam is no longer in use and the 
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center is open for a free flowing stream.  The riparian area is approximately 3-5 m wide 

on the left bank and 2-5 m on the right bank which gives way to the I-24/40 interstate. 

The channel bed alternates between gravel and bedrock.  

 

Geologic Setting 

  
 The MCW is comprised of Ordovician limestones from the Stones River Group 

and the Nashville Group which are typical of the Central Basin. These units have been 

described in detail by Safford (1869), Hayes and Ulrich (1903), Bassler (1932), Wilson Jr 

(1948), and Moore (1972) and will be summarized here as they pertain to MCW (Figure 

9). The geologic units in MCW are fossiliferous, and have been mined for gravel, 

building stone, and phosphate. The Bigby Limestone is found as a common building 

stone throughout Middle Tennessee. 

 The bed and banks of Mill Creek are comprised of Lebanon Limestone and the 

Carters formation (Figure 10) which is the youngest member of the Stones River Group. 

The Lebanon is thin bedded, grey to bluish-grey limestone with calcareous shale partings. 

This unit is approximately 25-30m thick and is conformably overlain by the Carters 

formation.   

The Carters formation is 15-30 m thick and the predominant bedrock comprising 

the riverbanks of Mill Creek. Outcrops along the stream channel forms bluffs. The lower 

member is a thick bedded, fine to coarse grained, gray limestone with cherty layers and 

scattered mottling of magnesium. The lower and upper members of this formation are 

marked by bentonite clay layers 15-30 cm thick. The upper member, approximately 4 m 

thick, is a thin bedded, fine-grained yellowish-brown limestone.   
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The Hermitage Limestone overlies the Carters and is approximately 15-30m 

thick. This formation has thin laminated limestone beds that are sandy and argillaceous 

with shale partings and nodules of phosphatic calcarenite. Subangular fragments of 

Carters Limestone have been found at the base of this unit indicating an unconformity 

between the two units. The Hermitage is highly fossiliferous. 

The overlying Bigby Limestone is blue to grayish-blue in color. This coarse 

grained unit, comprised of broken shell fragments, is massively bedded with large scale 

cross-beds. Phosphatic calcarenite in this unit is of particular interest to this study. 

 “Thin laminae of silty, phosphatic material occur along the planes of both the oblique and 
horizontal bedding. These laminae are black when fresh and weather to reddish-brown in color. Phosphatic 
rock occurs along solution channels and deposits. This rock is similar both in age and character to the high-
grade phosphatic rock mined in Maury and Williamson County.” (Wilson Jr., 1948). 

 
The boundary between the Bigby and Cannon facies is distinct with the Cannon 

being fine-grained to cryptocrystalline and dove-grey in color. The Cannon sequence 

marks the return to a highly fossiliferous limestone with numerous sponge beds and 

abundant shells. 

MCW-A at the sampling site has limestone beds ranging from 8-10 cm thick in 

and along the channel. In areas where soils have developed the bedrock is approximately 

6-10 cm below the surface. The bed alternates from gravel bottom to bedrock bottom. 

The limestone substrate is the Lebanon formation in the channel bed throughout the 

subwatershed. This formation is conformably overlain by the Carters Limestone, which 

comprises the banks and the majority of the hillslopes.  

MCW-B at the sampling site has limestone beds ranging from 8-10 cm thick in 

the channel and up to 0.5 m thick along the banks. The soils are thin, with bedrock 

approximately 6-10 cm below the land surface. The bed of the channel in this location is 
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limestone with fractures commonly running parallel and perpendicular to streamflow. 

The banks of the stream are Carters Limestone and create bluffs up to 5m in height. The 

bed of the channel is at or very near the contact between the Lebanon and Carters.  

MCW-C had experienced long term agricultural use along and near the right bank of the 

stream channel.  The function of the farm now is for recycling petroleum byproducts for 

animal feed. There is a new highway interchange along the left bank. Soil development, 

riprap, a small dam and other alterations obscure the geologic features. Approximately 

1.5 km downstream from this sampling site, access was gained near a sewage outfall 

post. Here the very steep banks (7 m high) are distinctively Carters Limestone. The bed 

of the channel is flat lying bedrock, most likely Carters Limestone.  

 

 

                  

 
Figure 9:  Mill Creek Watershed Stratigraphy, after Moore, 

1972; Bassler, 1932; Wilson Jr., 1948 

0

15 m 
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Figure 10:  Mill Creek Watershed Geology 
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Depositional Setting for Phosphorus 

  

 

 

 

Marine phosphorites the main source of geologic phosphorus in the Mill Creek 

watershed, originate in shallow environments in areas of slow deposition. Large influxes 

of nutrient-rich waters upwell onto marine platforms and shelves upwell in response to 

temperature gradients and the Ekman spiral. These nutrients help stimulate biotic activity. 

An overabundance of aquatic life creates competition for resources and spawns eutrophic 

conditions. Leaching of phosphorus from decaying organic matter in highly alkaline sea 

sediments leads to the direct precipitation of nodular and pelletal hydroxyapatite by 

replacement of carbonate by PO4
3-.  

In Tennessee’s Central Basin phosphorite deposits are marked by phosphatic 

calcarenite, insoluble P residues, and infillings of bivalves and Zooecia. These geologic 

Figure 11: Global Phosphorus Cycle, after Miller, 1985 
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sources contribute P to the MCW.  Previous work on the geology did not quantify the 

amount and extent of P occurring in the Bigby-Cannon and Hermitage formations.  P 

deposits in other areas of the Central Basin have been mined for use in fertilizers, but this 

resource has been exhausted.  

 

Soils  

 The factors that control soil development in the MCW are the same throughout, 

with some topography and biota variations on the flood plains and stream terraces. 

Development in the watershed also controls soil maturation insomuch as it is common 

practice to remove topsoil before building takes place. The soils in the Central Basin are 

Alfisols and Inceptisols. Alfisols are characterized by a subsurface horizon of clays with 

moderately leached horizons of strong to poor cation exchange capacity (USDA, 1977).  

Inceptisols are recent soils developed in alluvium or in flood plains and display very 

weak horizon development. 

 The flood plains and stream terraces of Mill Creek consist of the Arrington-

Lindell-Armour complex (USDA, 1977).  This soil unit has moderate- to well-drained 

soils that are relatively deep and clay rich, underlain by nonphosphatic and phosphatic 

rock. They are moderately to slightly acidic and medium to high in phosphate content. 

Stiversville-Hampshire-Urban land complex is also prominent in MCW, comprising a 

large percentage of the rolling hills. “These deep soils are formed in the residuum of 

phosphatic limestones,” (USDA, 1977) and the landscape is steeply sloping.  
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CHAPTER III 

 

STREAM-BORNE PARTICLES 

 

Colloids in natural systems have long settling times (days to months), high 

adsorption capacity, large surface to volume ratios, and high abundance. These properties 

play significant roles in the processes controlling stream water quality.  Many studies 

(Buffle, et al., 1994; Crist, et al., 2004; de Jonge, et al., 2004; Filella, 1993; McCarthy 

and McKay 2004; Stumm, 1986, 1993) found that particle surface conditions and general 

water chemistry play an important role in colloid transport and deposition. Karst regions 

support colloid transport via springs and seeps, essentially bypassing buffer regions 

where natural wetlands and riparian zones can act as removal mechanisms (Ulen, 2004). 

Hence colloidal chemistry and transport are important in karst regions where stream 

integrity is at stake.  

  Algae and phytoplankton, as well as clay minerals, are small enough to exhibit 

colloidal behavior (Atteia, 1997). The role colloids play in contaminant transport is 

dependent in part on pH, ionic strength and temperature of the water along with chemical 

composition, particle size, and exchange capacity of the colloid. Colloidal transport of P, 

which can be strongly sorbed to particulate matter, is important when determining 

contaminant pathways, stream restoration approaches, and maintaining impaired 

waterways where high nutrient loads inhibit the natural waters from meeting critical 

water quality criteria. 
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Colloids, particulates <1µm in diameter, can be classified into distinct size 

fractions (Atteia and Kozel 1997, McCarthy and Shevenell1998, McCarthy and McKay, 

2004; Moran and Moore, 1989; Ren and Packman, 2004; Ryan, 1994; Perret, et al., 1994; 

Stumm, 1993, 1997). The lower limit of the colloid size range is not well established. 

Some define the lower limit at 0.45µm (Ren and Packman, 2000), 0.5µm (Atteia and 

Kozel, 1997) and 0.001µm (Ulen, 2004). Atteia determined the particle size distribution 

of colloids in a karst stream to range from 60 – 0.5µm. Colloid abundance was 

independent of discharge, and dependent on pH.   

Ulen (2004) grouped colloidal size ranges as:  particulate matter >1.2µm, 

colloidal particles 1.2-0.2µm, fine colloidal particles 0.2-0.001µm and dissolved 

<0.001µm. Settling times for these suspended materials is also of interest when 

accounting for contaminant transport. Settling times for particles sampled in this study, 

using tangential flow filtration, are approximately 0.0085 cm/day – 0.085cm/day 

(Lammers 1966, Gibbs et al., 1971, Ulen, 2004), but this can be affected by temperature 

and ionic strength. Lower temperatures decrease settling rates while high ionic strength 

increases it (Ulen, 2004).  
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CHAPTER IV  

 

METHODS 

 

Site Selection 

Mill Creek was chosen for this study based on the land use, basin dynamics, and 

known contaminants. The size of the watershed and the stream’s discharge characteristics 

allowed for sampling at several locations in one day. Mill Creek had been and is currently 

listed as an impaired stream with the EPA. High phosphate loads contribute its 

impairment. These phosphates could have a range of sources, including the pelletal 

phosphatic calcarenite of the Bigby Formation, fertilizers, and domestic and industrial 

detergents. Finally, impervious surfaces are unevenly distributed over the land surface 

and rapid development contributes to this watershed’s impairment through siltation 

(Wang, 2005). 

Access to site MCW-A was gained through property presently occupied by a 

Publix market along State Route 253. The second location, MCW-B was at Ezell Park. 

This is a public park and site access was gained under the Harding Road Bridge near 

Antioch Pike. The final sampling site, MCW-C was at McRedmond Farms, an isolated 

patch of undeveloped land in an otherwise highly developed area, located near the 

intersection of Massman Drive and Patricia Lane. This location was chosen for ease in 

access and the safety of the field site. Steep banks, private property and personal safety 

issues prevented access to potential sampling locations further downstream. 
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Sample Collection  

 

Water 

 Sampling commenced in the MCW in August, 2004 and normally took place 

monthly with some sampling occurring bi-weekly. Samples were collected within a 24 

hour period at all three locations for each sampling event. 

Samples were collected in a 1L Nalgene bottle from the thalweg of the stream at 

5/8th of the stream depth. Each bottle was rinsed 3 times in stream water before collecting  

    

 

Figure 12:  Matt Holcombe sampling MCW-A, Jan, 2005. 
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a sample. The sample was then poured into a 22L Nalgene carboy dedicated to the site, 

which had been rinsed with the river water immediately before initiating sample 

collection. This was repeated until the carboy was full. It was brought to shore and placed 

in an ice chest to cool to 4°C.  Quick collection, cool down, and subsequent processing of 

samples was needed to prevent particle coagulation and continued microbial activity 

which can jeopardize sample stability (Buffle and Leppard, 1995b). The 1L sample 

collecting bottle was then refilled and placed in the cooler. Samples were refrigerated at 

Vanderbilt University for processing the following day. Hold times are up to 48 hours for 

phosphate analysis (Hach procedure manual, 2002). 

 

In-stream water quality parameters 

 A Hydrolab™ multiparameter in-stream water quality monitoring probe was used 

to determine pH, dissolved oxygen (DO), temperature, specific conductance, and 

oxidation-reduction potential. This probe required calibration for specific conductance, 

pH and dissolved oxygen for each sampling day. Specific conductance was calibrated 

using standard solutions of 23 mS and 500 mS; pH was calibrated on site with standard 

buffers of pH 4.001 and 7.001. DO was calibrated using the barometric pressure on the 

basis of fully aerated water. Other parameters did not require calibration each time the 

instrument was used, but were regularly tested against a standard. 

 

Soils 

 Two soil cores were collected at MCW-B.  Cores were taken to a depth of 10-15 

cm, stored in plastic tubes and placed in a cooler. Soil samples were not taken on days 
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when water samples were collected to prevent cross contamination. Undisturbed soils in 

the MCW are similar throughout, therefore MCW-B was chosen for soil sample cores 

due to ease of access. The first core was collected along the banks of the river and the 

second core was collected about twenty meters upslope from the first, on an inactive 

stream terrace. The soil samples were collected using a soil corer, producing cores about 

5 cm in diameter and 20 cm long.  A slide hammer corer was pounded into the substrate 

to retrieve a sample. The soil sample was then removed in a polycarbonate casing lining 

the corer, capped and placed in a cooler. 

 

Water Samples 

 

Filtration 

All samples were filtered using a tangential flow filtration (TFF) system in three 

stages, using 0.65µm, 0.45µm, and 0.1µm filters successively. The TFF system pumps 

water samples across the filter which decreases coagulation and filter clogging that can 

occur with perpendicular filtration (Moran and Moore, 1989).  
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The carboys of raw samples returned from the field were attached with silicon 

tubing to the TFF apparatus with additional silicon tubes for retentate (solutions unable to 

pass through the filter size) and permeate (solutions able to pass through the filter) lines. 

The retentate line was returned to the feeding carboy for recirculation across the filters. 

The permeate line collected the water that passed through the filter, free of colloids larger 

than the pore size of the filter in use, into a carboy dedicated to the site and filter size. In 

between sample filtration steps ultra pure water (>18 mΩ) was processed through the 

TFF system for twenty minutes in order to prevent cross contamination of samples.  After 

all three samples had been filtered, the system was cleaned. 

The cleaning procedure entailed flushing the system with ultra pure water for 5 

minutes. Then, 1L of 50°C citric acid was processed through the system for one hour.  

The solution was selected to prevent growth from residual organic matter. After the 

allotted time had passed the system was again flushed with ultra pure water for 10 

minutes, and then rinsed for 10 minutes with sodium azide for storage.  The filter was 

Figure 13: filter and housing plates. Figure 14: filtration system with permeate and    
 retentate lines and carboys. 
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then removed from the housing plates, placed in an individually designated container full 

of sodium azide, and returned to the refrigeration unit to be stored at or below 4°C. 

 

Trace Metals Analysis 

Filtered samples (<0.65µm, <0.45µm, and <0.1µm) were retained for analysis using ICP-

MS in order to determine trace metal concentrations and some of the major cation 

concentrations in the fractionated waters. Table 1 lists the isotopes used for analysis. 50µl 

of a commercial internal standard and 100µl of concentrated nitric acid were added to 

10mL water sample from each filtered size. Every 10 samples a duplicate was prepared. 

For every 15 samples a blank and a spiked sample with 100µL of commercial spike 

solution was prepared. 

 

 

 

 

 

 

 

 

 

Phosphorus Analysis 

Fractionated water samples were also analyzed for soluble reactive phosphate 

(orthophosphate and polyphosphate) and total phosphorus (organic and inorganic 

Element Isotope Element Isotope 
Na 23 Co 59 
Mg 24 Ni 60 
Al 27 Zn 64 
K 39 Zn 66 
Se 78 Cu 63 

AsO 91 Cu 65 
V 51 Sr 88 
Cr 52 Cd 114 
Mn 55 Ba 137 
Fe 54 Pb 208 
Fe 57   

Table 1: Isotopes analyzed by ICP-MS
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phosphorus and ortho- and polyphosphate) using a Hach Spectrophotometer Model 2400. 

Total phosphorus was measured in samples (unfiltered, <0.65µm, <0.45µm, and <0.1µm) 

using USEPA method 8190 at 880nm (Hach procedure manual, 2002). The testing range 

for this method is 0.06 – 3.5 mg/L of PO4
3-. It uses an acid persulfate digestion to convert 

organic and inorganic phosphorus to orthophosphate. Reactive phosphate was measured 

in filtered samples (<0.65µm, <0.45µm, and <0.1µm) using PhosVer® 3 Method for 

inorganic orthophosphates. This method is equivalent to USEPA Method 365.2 which is 

used by government agencies to test natural waters for impairment. The detection limits 

for this method are from 0.06 – 5.0mg/L PO4
3- (Hach procedure manual, 2002). 

 Sample analysis occurred in batches of nine where duplicates of each sample, 2 

blanks, and a standard were tested. Concentrations were determined by averaging the P 

concentration of duplicate samples, averaging the concentrations of the blanks, and 

subtracting the average blank concentration from sample averages for every sample 

batch. 

 

Soil Samples 

Bulk density, soil moisture, hygroscopic moisture, organic carbon content, pH, 

and soil particle size were determined from two soil cores collected at MCW-B. The first 

soil core was removed from its casing and placed on a pre-weighed sheet of paper, 

weighed, broken into smaller fragments, placed on a baking sheet, and put in an oven at 

105oC for several days.  The soil was re-weighed after removal to determine its bulk 

density, dividing the mass by the core’s volume.  
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 The second sample was utilized to determine organic matter, particle size, pH, 

soil moisture, and hygroscopic moisture.  The sample was taken out of the plastic casing 

and split into two subsamples. One subsample was weighed, then air-dried for several 

days, and re-weighed to calculate soil moisture. The sample was then placed in an oven at 

105oC for two more days. After the final oven-drying step was complete, the sample was 

again weighed and the hygroscopic moisture was calculated. The second subsample was 

weighed and oven dried for several days. After the initial oven drying procedure the 

subsample was further divided into three separate subsamples. One subsample was placed 

in a crucible and heated to 400oC in a muffle furnace for 48 hours to determine the 

organic carbon content by mass difference. A second subsample was used to determine 

particle size using a Bouyouos hydrometer and Stoke’s Law. This subsample (43.1g) was 

oven dried, stirred in a blender with deionized water and sodium pyrophosphate and 

placed in a 1L graduated cylinder along with a hydrometer. Measurements were taken at 

30 seconds, 2 minutes, 2 minutes 45 seconds, 3 minutes, 5 minutes, and 2 hours later. The 

third subsample was used to measure pH with a digital meter. This soil (5 g) was stirred 

for 1 minute with 25 mL of ultra pure water and allowed to settle for 6 minutes before 

reading the pH with a calibrated pH meter. 

 
 
Habitat Assessment 

 Aquatic habitat, stream integrity and geomorphology were assessed on site using 

TDEC Site Visual Assessment Protocol (SVAP) forms which were adapted from USEPA 

standard SVAP forms. These Intensive Biosurvey: Habitat Assessment forms are 

subjective but do allow for evaluations of current geomorphic and habitat conditions and 



 31

comparisons between sites. Periodic comprehensive evaluations at all three field 

locations were performed during the investigation. SVAP forms for streams with low 

gradients, riffle-run-pool sequences and bedrock channels were used (Arnwine, 2000).    

Stream Visual Assessment Protocol Intensive Biosurvey Habitat Assessment 

forms were completed at sampling sites throughout the sample period. Each site was 

scored based on the quality of 10 key habitat parameters, with 20 points possible for each 

parameter and a total possible score of 200. Regional scores based on reference data 

reported by Arnwine, et al., (2003) determined ecoregion 71I wadeable streams to have a 

mean score of 98 for winter and spring and 96 for summer and fall and still be considered 

supportive of aquatic life.  

          

Watershed Models          

 

GIS 

 Geographic Information System models were derived based on data gathered 

from TDEC, Army Corps of Engineers (Barry Moran), the EPA, and the USGS.  Base 

maps displaying geographic, geologic, and hydrologic data coupled with impervious 

surface census data, subwatershed boundaries, and land use data were combined to 

produce composite maps, using ArcInfo 9.2.  

Discharge Duration and Contaminant Load models     

 Discharge and load duration curve models were developed using historical USGS 

discharge data for MCW-B, current TDEC regulatory levels for phosphorus 

concentrations and templates designed by Cleland (2002). These templates will be used 
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by state and federal agencies to help generate state and local TMDL guidelines for 

watershed in Tennessee by TDEC (personal communication, Oct. 2004, Sherry Wang, 

TDEC).          

 The curves are generated from a cumulative frequency distribution using 

historical USGS daily average discharge values and discharge recurrence intervals. The 

output gives values of discharge duration interval (the likelihood of a particular discharge 

occurring) on the x-axis and discharge (cfs) on the y-axis. A discharge duration curve 

using sample discharge data coupled with historic stream discharge from the 1950s 

through 2004 was generated for the MCW.  Models were also generated calculating peak 

discharge under increasing urbanization and impervious surfaces using historical 

discharge data from time periods 1954-1969, 1969-1975, and 1992-2004.   

 The discharge duration curves were coupled with TDEC’s target P concentrations, 

P loads and data from MCW water samples. These models represent discharge conditions 

during sample periods and P concentrations exceeding the target values established by 

TDEC. Target conditions were determined by TDEC during a sampling season where 

least impacted streams and various impacted streams were monitored for nutrient levels.  

EPA guidelines state rivers discharging into reservoirs shall have phosphorus 

concentrations <0.05mg/L, and in areas where phosphatic bedrock occur the maximum 

concentration shall be 0.1mg/L.         

 During TDEC’s sampling season to create target and exceedence phosphorus 

values, alternative phosphorus exceedence concentrations were set. 75% of the time 

sampled streams had concentrations at or less than 0.11mg/L P.  90% of the time streams 

had concentrations <0.18mg/L (10% of the time samples exceeded 0.18mg/L).  Since 
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macroinvertebrate communities were surviving in streams with higher concentrations 

(>0.11mg/L, <0.18mg/L) and the 75th percentile would force otherwise conforming 

streams into impairment, the 90th percentile was determined to be the new exceedence 

(>0.18mg/L) value instead of federal recommendations for 0.1mg/L or the 75th percentile 

whichever is higher (Arnwine, et al., 2003). It was determined that aquatic communities 

had adapted to tolerate higher P levels due to natural inputs from the surrounding 

geologic units and soils (Arnwine, et al., 2003). This indicates that the phosphatic 

bedrock and soils were thought to contribute more than 0.11mg/L to the streams. 

 

GWB           

 A geochemical model was generated, using Geochemists Workbench, database 

thermo_wateq4f for stability of hydroxyapatite, the main phosphate mineral present in 

MCW generated (Bethke, 2002).   
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CHAPTER V  

 

RESULTS 

 

 Elemental Analysis 

 Water samples were analyzed for major ions and trace metals by ICP-MS. Ion 

concentrations by site, date and filter size are reported in Tables 2-5 in Appendix A. 

None of the samples contained unusually high concentrations of any trace metal tested. 

Major ion concentrations of Mg, Al, and Na were in the expected range for waters in 

limestone bedrock watersheds. Ca could not be directly measured (due to interference by 

Ar) so Sr was used as a proxy when looking for correlations with Ca. No trace metal 

concentration exceeded regulatory guidelines for water quality. Trace metal 

concentrations were compared at the 0.65µm size fraction at each site over time. 

 

Phosphorus Analysis 

 Concentrations of soluble reactive phosphate (SRP) and total phosphorus (TP) are 

presented in Table 6. TP and SRP analysis was completed for samples taken at all 

locations during the sampling season. TP is defined as the total concentration (mg/L) of 

organic and inorganic phosphorus in a sample. SRP is the concentration (mg/L) of 

soluble inorganic phosphate in a sample and has no organic or insoluble phosphorus as 

part of the concentration.  Successive filtration of stream samples and the subsequent 

phosphorus analysis lead to the determination that phosphorus was associated with size 

fractions >0.65µm (particulate) and in the operationally defined dissolved fraction 
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(<0.1µm). Significant reduction in TP and SRP was seen from unfiltered to filtered 

samples. There was no significant change in P concentration from permeates between 

0.65µm and <0.1µm. P concentrations across filtration steps for a given sample were 

often the same, or within the margin of error determined by subtracting blank sample 

average concentrations with a standard sample analyzed for each batch. There was no 

consistent significant change in P concentration between filtered permeates analyzed for 

TP and SRP. Therefore all P concentrations <0.65µm are interpreted to be inorganic, 

soluble ortho- or polyphosphates. 

 

In-stream Water Quality Parameters 
 
     Time series 
 

Recorded temperatures ranged from 8ºC in winter to 27.4ºC in summer. Ambient 

water temperatures did not exceed TDEC criteria (30.5°C) at any time.  Dissolved 

oxygen levels fluctuated dramatically over the sampling interval from 34.4% saturation to 

116.4% saturation. Saturation greater than 100% can occur where aquatic plants are 

actively photosynthesizing. pH values ranged from 6.96 to 8.44 and showed only modest 

change at any one site. Specific conductance, an indication of ionic strength, displayed an 

overall decrease when peak discharges occurred. The range of values were from 439.7 

mSem/sec to 609.6 mSem/sec. Specific conductance levels were generally higher in low 

discharge summer months and continued through a steady decline in the winter. The 

redox potential of stream waters increased over the sampling season. The spikes in redox 

condition responded to a fall storm discharge event and continued the net trend of high 

potential in winter months (high average discharge) with lower potential in summer (low 
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average discharge). Temperature showed a strong negative correlation with redox 

potential. As temperatures declined, the recorded oxidation-reduction potential increased. 

     Spatial trends 

All three sampling sites had equivalent temperatures and DO during any 

particular sampling event. pH values were generally lower in MCW-A than the 

downstream sites. Specific conductance readings for MCW-A were also lower than the 

downstream sites, whereas the redox potential of the MCW was higher at sampling site 

MCW-A and decreased downstream. 
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Tabulated data for Hydrolab™ readings over the sampling season 
  

         TABLE  7    
 WATER QUALITY CONDITIONS MEASURED IN SITU 

    MCW-A     

Date Temp  (°C) pH BP (mmHg) Spc (mSems/sec) ORP (mV) %DO 

8/11/2004 *NM NM NM NM NM NM 
8/19/2004 NM NM NM NM NM NM 
9/20/2004 18.1 7.57 769 480 487 99 
10/3/2004 18.1 6.96 769 478 450 34 
11/9/2004 12.7 7.49 773 538 603 97 

11/20/2004 14.8 7.83 765 548 552 92 
12/12/2004 11.0 7.84 759 467 462 55 

1/26/2005 NM NM NM NM NM NM 
2/9/2005 11.3 7.28 762 455 508 107 

2/23/2005 9.1 7.06 769 439 512 107 
      MCW-B       
Date Temp  (°C) pH BP (mmHg) Spc (mSems/sec) ORP (mV) %DO 

8/11/2004 24.2 7.91 760 575 359 94 
8/19/2004 27.4 7.47 760 546 399 125 
9/20/2004 21.7 8.18 769 523 456 94 
10/3/2004 20.2 8.28 769 577 447 89 
11/9/2004 NM NM NM NM NM NM 

11/20/2004 14.3 8.35 765 609 538 82 
12/12/2004 10.9 8.00 759 515 461 35 

1/26/2005 8.0 8.36 761 489 546 158 
2/9/2005 11.9 8.03 762 459 474 115 

2/23/2005 10.7 7.77 769 459 489 100 
      MCW-C       
Date Temp  (°C) pH BP (mmHg) Spc (mSems/sec) ORP (mV) %DO 

8/11/2004 NM NM NM NM NM NM 
8/19/2004 25.5 7.4 760 505 335 88 
9/20/2004 21.9 8.44 769 483 418 95 
10/3/2004 16.5 8.28 769 453 395 61 
11/9/2004 13.0 7.87 765 584 505 77 

11/20/2004 NM NM NM NM NM NM 
12/12/2004 NM NM NM NM NM NM 

1/26/2005 NM NM NM NM NM NM 
2/9/2005 11.8 8.23 762 453 466 114 

2/23/2005 12.1 8.22 769 461 473 116 
       

*NM indicates not measured 
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Soils 
 
Soil results for this study are reported in Table 8. 
 
 
 

Table 8 
Soil Properties 

pH 5.5-6.75
Bulk density 2.83gcm-3

Soil moisture 23.10%
hygroscopic moisture 2%
Particle distrubution % 

sand 18.5 
silt 11.0 

clay 10.5 

  

Stream Visual Assessment Protocol 

All three subwatersheds had adequate aquatic habitat as shown in Table 9. MCW-A had a mean 

score of 130, MCW-B had a mean score of 131, and MCW-C had a mean score of 145 (out of 

200, see methods). TDEC has determined that the winter/spring score, during the high discharge 

season, is the most relevant habitat assessment, and only 26% of streams in this subecoregion fail 

the SVAP (Arnwine, et al., 2003).  Scores for this time frame fell into average ranges reported 

above. Mill Creek habitat assessment results for this study are comparable to results obtained by 

TDEC (Arnwine, et al., 2003).   

 
 
Watershed Models 

 The discharge duration curve for MCW-B from 1955-2004, Figure 15, shows 

average discharges for samples collected over a wide range of discharge events. Dry 

weather periods appear towards the higher end of the discharge duration interval 
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(recurrence), while one large discharge event and wet weather periods appear towards the 

lower end. The periods correspond roughly to summer/fall (dry weather) and 

winter/spring (wet weather). 

 

          

    
 
 
 

Curves displaying total phosphorus concentration guidelines (0.18mg/L) and 

measured TP levels for unfiltered and filtered (<0.1µm) samples with and without 

extreme discharge events showed all unfiltered samples would violate state regulations. 

There were no events sampled in MCW that fell within allowable P limits in this stream.     

 Federal guidelines require the reporting of water quality based on contaminant 

loads in the stream system. These loads are calculated using discharge and contaminant 

concentration levels. The discharge duration curve was coupled with TP target 

concentrations to help predict loads for this watershed and to determine where P loads 

were exceeded. Figure 16 shows a TP load duration curve for predicted exceedence load 

levels and Mill Creek water samples.  

Mill Creek Discharge Duration Curve (1955-2004) 
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Figure 15: Discharge Duration Curve for fifty year history 
    with average discharge and sampling points 
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P Load Duration Curve 

0.1

1

10

100

1000

10000

100000

0 10 20 30 40 50 60 70 80 90 100

Duration Discharge %

P 
Lo

ad
 (l

b/
da

y)

90th

75th

Unfiltered

Filtered

 

 

             Discharge values associated with frequent low level peak flood have been known 

to increase where a watershed is negatively impacted by impervious surfaces (Konrad, et 

al., 2002; Burns, et al., 2005). A GIS using land use census data was generated to 

determine the amount of imperious surface in MCW. Figure 17 shows impervious surface 

averages in 3000 m2 sections for the entire area. This GIS revealed an increase in the 

amount of impervious surfaces downstream in Mill Creek. MCW-A has an average of 3% 

impervious surfaces, MCW-B has 14% coverage, and MCW-C has 33%. Paul, et al. 

(2001) claims that as the impervious coverage increases 10-20% the runoff increases 

twofold; for 35-50% increase the runoff increases threefold, and 75-100% increase,       

fivefold. Arnold and Gibbons found changes in the hydrologic regime where runoff 

increased as a function of (Figure 18).  

 

Figure 16: TP Load Duration Curve 
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Figure 17: Percent impervious surfaces 
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 Historical stream discharge data were used to assess whether MCW is currently 

experiencing higher peak discharge rates for regularly recurring floods and whether the 

ratio between peak discharge and daily discharge for a given period has increased or 

decreased over time.  Sets of daily and peak discharge values were collected from 

historical data logged by the USGS near Ezell Park. Average peak discharge values from 

a 1.5 yr peak flood were calculated using Microsoft EXCEL statistical tools over time 

spans of 1954-1969, 1969-1975 and 1992-2004. An increase of 32% in peak discharge 

values occurred from 1954-2004. This model positively identified an increase in runoff 

from the 1950s to 2004 with an increased runoff generation of 31%, from 20.1 cfs/mi2 of 

runoff during a 1.5 yr flood in the 1950s and 1960s to 29.2 cfs/mi2 of runoff from 1992-

2004. The ratio between peak flood discharge and average daily discharge also increased 

11%.   

 

Figure 18:  Effects of impervious surfaces on runoff, 
(Arnold and Gibbons, 1996) 
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  Correlations 
 

Table 10 shows correlations between concentrations of analytes and discharge for 

each site using the <0.65µm size fraction.  Three categories were highlighted with this 

data: total phosphorus (TP), major cations, and common trace metal contaminants.  All 

sites showed a strong positive correlation between discharge and TP. As discharge 

increased downstream and seasonally, so did the TP concentrations. There was variability 

in the correlation of discharge with the major cations. Na was not correlated with 

discharge whereas Mg had a strong positive correlation that decreased slightly 

downstream. Al had a strong correlation with discharge at MCW-A which decreased 

downstream, K moderately positively correlated with discharge at MCW-A but displayed 

no correlation at MCW-C.  Trace metals had variable correlation with discharge 

depending on contaminant and sampling site. Se, V, Cr, Fe, Co, Ni, Sr, and Cd all had 

negative correlation patterns of varying strength with discharge. Mn showed strong 

negative correlation with discharge at MCW-A and was moderately positively correlated 

at both downstream sites. Ni is strongly negatively correlated with discharge at MCW-A 

and the correlation decreases downstream. As and Cu showed no correlative pattern. Zn 

showed negative correlation with discharge upstream and strong positive correlation 

downstream. Pb is not correlated to discharge at the upstream sites and is strongly 

positively correlated at MCW-C. 
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Correlations of Concentrations with Discharge(Q) 
SITE                MCW-A                   MCW-B              MCW-C 
total 
P 0.85 0.84 0.71 
        
Na -0.09 -0.17 -0.19 
Mg 0.83 -0.85 -0.67 
Al 0.92 0.70 0.11 
K 0.57 0.14 0.07 
        
Se -0.48 -0.89 -0.71 
As 0.07 0.19 0.23 
V -0.32 -0.84 -0.51 
Cr -0.44 -0.42 -0.39 
Mn -0.90 0.31 0.32 
Fe -0.75 -0.78 -0.70 
Co -0.91 -0.97 -0.91 
Ni -0.74 -0.27 -0.25 
Zn -0.46 0.90 0.89 
Zn -0.16 0.97 0.96 
Cu 0.35 0.10 -0.12 
Sr -0.35 -0.45 -0.75 
Cd -0.48 -0.22 -0.41 
Ba 0.06 -0.16 -0.15 
Pb -0.09 0.26 0.70 

Table 10:  Correlations by site 
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CHAPTER VI 

 

DISCUSSION 

 

Characterization of phosphorus in Mill Creek waters can elucidate pollutant 

sources and transport pathways. Phosphorus mobility is influenced by adsorption, 

advection/dispersion and biological processes (Filella and Buffle, 1995b, Barlow et al., 

2004). In the MCW adsorption of P in water and soils along with coprecipitation of 

phosphate with calcite and the dissolution of hydroxyapatite are processes of interest.  

 
 
Phosphorus in the Mill Creek Watershed 
 

Mill Creek Watershed (MCW) has P inputs from natural and anthropogenic 

sources in organic and inorganic forms. Soils in MCW acquire P by decomposition of the 

geologic parent material and in MCW-A it is assumed that P is or has been applied to 

soils for crop production. A dairy farm is located in MCW-A subwatershed and the 

animals have full access to the stream. Septic tanks were widely used in the Central Basin 

and many still exist in MCW but specific numbers are not known. 

 Within the soil column, P may occur as (1) residual mineral particles from 

underlying rock units; (2) biological P and (3) phosphate or orthophosphate ions adsorbed 

to soil particles. Geelhoed et al. (1997) developed models depicting phosphate sorption 

on goethite, a common soil mineral, using comparable concentrations of P to those found 

in Mill Creek water samples. These models express reduced concentrations of sorbed P 

with higher pH, and increased P concentrations in solution. They found a reduction of 
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sorbed P of 18% from pH values of 6 (comparable to MCW soils) to pH values of 8 

(average pH in MCW water samples). Barlow et al. (2004) reported that clay-rich bed 

sediments experienced quick uptake of P when concentrations were low; the continued 

input of phosphorus led to a decrease in the sorbed fraction over time. 

 From these and other studies it appears that under conditions found in MCW it 

would be possible to adsorb P onto soil components such as goethite and clay minerals. 

Erosion or siltation can move soil particles into surface waters. Colloidal and sediment 

dilution by streams at higher pH values stimulate desorption processes (McGechan, 

2002). Therefore desorption of P bound to soil particles can occur when they contact the 

alkaline waters found in Mill Creek. Barlow’s (2004) study suggests that bed sediments 

during high discharge events can sequester high P concentrations during the “first flush”. 

However, bed sediments in MCW are sporadic and sparsely distributed; the channel is 

dominated by bedrock. Limestone bedrock has limited capacity for P sorption (Zhou and 

Li, 2001) therefore losses to bedrock are expected to be minimal.  

A solubility diagram constructed to represent conditions found in MCW shows 

the stability field for hydroxyapatite as a function of pH and dissolved phosphate 

concentrations, along with Mill Creek water samples Figure 19. Conditions to which the 

diagram was made are as follows: Temperature = 25ºC, PCO2 = .9983 bars, a[H2O] = 1, 

a[Ca2+] = 10-3.1, and a[Calcite] = 1. 

  

   



 47

                                    

                 

 

This suggests that hydroxyapatite isn’t contributing to the P concentrations in Mill Creek 

through dissolution. Many natural waters are supersaturated with respect to 

hydroxyapatite yet do not report its presence in particulate matter or sediment material 

(House and Warwick, 1999). Mill Creek may be supersaturated with respect to 

hydroxyapatite but it is unable to precipitate due to inhibitors (Mg) and undersaturation 

of precursor calcium phosphate phases needed to elicit nucleation (House, 1990).  

The co-precipitation of phosphate with calcite occurs at pH >9 or in less alkaline waters 

(pH 7-9) with higher (27°C) temperatures not found in MCW (House, 1990). Therefore 

optimal pH/temperature conditions without inhibitors do not exist in MCW and 

phosphate should not co-precipitate with calcite. 

 

Distribution of P in water samples  

This study revealed that phosphorus in MCW was associated with colloids 

>0.65µm and in the operationally defined dissolved fraction, <0.1µm (Figure 20). There 

Figure 19:  Predominance  diagram with range for 
                   Mill Creek water samples in blue 
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was a significant decrease in total phosphate (TP) concentration after the 0.65µm 

filtration step in most samples. Ulen (2004) found that 19% of phosphorus colloids in his 

study were very fine, <0.2µm, hence the transport of very fine colloidal phosphorus may 

be occurring, but at a smaller size fraction than this experiment could determine.  

 

             

   

 

 The relative amounts of particulate-bound phosphorus (PP) and soluble reactive 

phosphate (SRP) were variable during the sampling season. PP included both geologic 

and organically derived phosphorus. Soluble reactive phosphate (SRP) concentrations 

reflect the amount of soluble ortho- and polyphosphate in a water sample. Total 

phosphorus and SRP concentrations were generally equivalent after the first filtration 

Figure 20: Filtered phosphate concentrations; filtered and unfiltered  
    samples in white, filtered samples only in blue. 
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step. This indicates that organic phosphorus and insoluble P residues from geologic 

formations were primarily transported as particulate phosphorus >0.65µm, and all 

samples <0.65µm were dominated by orthophosphate and/or polyphosphate. Figure 21 

shows the fraction of phosphorus associated with particulate materials >0.65µm during 

all discharge events. 
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 Samples collected during the highest discharge event had the largest fraction of 

PP, most likely resulting from bank erosion input of phosphorus rich soils. Sampling 

during that event occurred on the falling limb of the hydrograph for every site. Several 

weeks after the event signs of bank failure were observed at MCW-B. Other impacted 

streams in this subecoregion have exhibited high suspended sediment due to impaired 

riparian buffer zones, construction operations, and bank and bed erosion resulting from 

Figure 21: Particulate phosphorus by site as a function of discharge 
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flashy discharges attributed to increased impervious surfaces (Wilson and Lockwood, 

2002). 

 Particulate phosphorus (colloids >0.65µm) as a fraction of TP increased slightly 

downstream from 0.24 in MCW-A, to 0.35 in MCW-B to 0.30 in MCW-C although this 

change might not be significant. This might substantiate the hypothesis that some 

phosphorus is carried downstream as colloidal material (1.2-0.2µm), but determination of 

the phosphate particle size distribution in samples >0.65µm is needed. The slight increase 

in PP confirms other watershed studies (Bowes, et al., 2003) that found PP to increase 

downstream. 

 TP was negatively correlated with trace metals (V, Cr, Fe, Co, Ni, and Cd) 

commonly found in industrial runoff.  Discharge was also negatively correlated with 

most analyzed trace metals (Se, V, Cr, Ni, Fe, Co, Cd ). The decrease in trace metal 

concentration with increased discharge verifies the idea that dilution of these potential 

contaminants can occur during high discharge events (Nagorski, 2003).  Hence these 

point source pollutants must have a relatively greater influence on contaminant loads 

during low discharge. There was a positive correlation between discharge and Pb at 

MCW-C which was not present at other locations. The increase of Pb and TP with 

increasing discharge most likely occurs as runoff during high discharge events from 

diffuse source pollutants. Potential diffuse sources of Pb include historical paints and 

leaded gasoline residues. 

 Mill Creek violated TDEC water quality criteria for TP concentrations for every 

sampling event at each subwatershed (Figure 22). All unfiltered water samples exceeded 
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the maximum allowable limits (0.18mg/L).  Figure 23 shows TP concentrations of 

filtered and unfiltered samples without the extreme high discharge event.  
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Discharge duration curves (Cleland, 2002) were generated to identify wet and dry 

weather periods and how these periods correlate to contaminant loads in the stream. 

These curves take the percentage of time during which specified discharges are equaled 

or exceeded and evaluate the recurrence rate (Leopold, 1994). Discharge duration curves 

are used because looking at a single number (discharge) does not work well when dealing 

with impairments caused by non-point source pollutant inputs (Stiles, 2001). Discharge 

duration curves are in use by the state of Kansas to construct Total Maximum Daily Load 

(TMDL) models for watershed analysis (Cleland, 2002). They allow for the evaluation of 

variable stream discharges as a means of identifying different source areas and loading 

mechanisms under different discharge regimes (Cleland, 2002). High contaminant 

concentrations during low discharge events represent point source pollutants and high 

discharge events correspond to runoff loaded with non-point source contaminants 

Figure 23: Filtered and unfiltered phosphorus 
    concentrations without high discharge 
    event. 

Figure 22: Filtered and unfiltered phosphorus   
    concentrations relating to the 90th  
                  percentile concentrations from  
                  reference stream.  
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(Cleland, 2002). All graphs generated by this model show a stream system with 

phosphorus violations during all weather periods (Figure 24). This indicates contributions 

to the stream from point and non-point sources. 
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Figures 21 reveal SRP (filtered, soluble ortho- and polyphosphate) to contribute 

the largest portion of P to the total load. Polyphosphates have been highly regulated in 

detergents and many commercial detergents no longer contain phosphates. Industrial sites 

may use polyphosphates for decalcification of heavy machinery. Orthophosphates are 

most common in fertilizers for agriculture and domestic use. Hence SRP loads during 

high discharge events are probably mainly orthophosphate, and at low discharges they 

may be both ortho- and polyphosphate since point source pollutants have been found to 

be diluted with increasing discharge.   

Figure 24: TP Load duration curve. 
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  Many claim that agriculture is the major contributor to nutrient loads in stream 

systems. In MCW a dairy farm and pasture land might contribute to P pollutant loads as a 

constant source which would be responsive at low discharge. Active and inactive 

pastureland that has been fertilized could also contribute to P loads in MCW-A. 76% of 

total phosphorus loads in MCW-A were SRP, which is comparable to Barlow et al’s 

(2004) finding that 80% of agricultural phosphorus runoff is SRP.  

Subwatersheds dominated by urban land consistently contributed over half of the 

TP in Mill Creek during dry and wet weather periods.  Both TP loads and concentrations 

increased downstream (Figure 25 and 26). 

 

           

 
 
 
On an average MCW-A contributed 30% of the TP load of Mill Creek at the MCW-C 

sampling site, whereas MCW-C contributed 60% (Figure 26). MCW-C also contributed 

the largest concentration of inorganic (dissolved) phosphorus to the stream (Figure 24). 

Figure 25: Total phosphorus concentrations by site 
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MCW-B, which was hypothesized to contribute a large portion from the residential 

fertilizer application, only contributed 10%. The percent contribution was determined as 

the fraction of P load from MCW-A or MCW-B that was contributed to MCW-C 

phosphorus load.    

 

                     

 

 
The higher soluble reactive phosphorus (SRP) in TP during wet weather periods in all 

subwatersheds (Figure 27 and 28) may be due to lack of biological activity during winter 

due to cold temperatures in the stream, but there was not enough data to substantiate this 

hypothesis. 

 

 

Figure 26:  Total (left) and Dissolved (right) P 
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Winter P Load Duration Curve 
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Seasonal variations in P were identified in many studies (Brunet and Astin, 1998; 

May et al., 2001) including Bowes, et al. (2003), who found that higher SRP 

concentrations occurred during the summer. More studies to identify the possible links 

between P loads and seasonality in this watershed will be needed before conclusions can 

be drawn.  

  Burns et al. (2005) reviewed the work of 45 authors over the last fifty years and 

created a list of findings concerning the effects of impervious surfaces on watersheds; 

decreased low discharge, increased surface runoff, and increased magnitudes of peak 

discharges from frequent floods are several signs of significant impact. Konrad and 

Booth (2002) found that increased short, frequent peak floods are correlated with an 

increase in suburban and urban development. Peak discharge models calculating the 

average discharge of 1.5 year peak floods (a high frequency event) were generated for 

MCW-B to determine if the increased impervious surface over the past few decades 

increased the discharge peaks from frequent flood events. Calculations show the peak 

discharge for frequent floods increased 32% in fifty years.  

Discharge duration curves were generated to determine if patterns of decreased 

baseflow and increased discharge over short frequent events was evident.   Figure 29 

Figure 27: Summer/Fall TP load. Figure 28: Winter/Spring TP load. 
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shows frequent discharge events increasing over fifty years with the highest values for 

the 1992-2004 period. The sharp decline from the 95th to the 100th percentile (1992-2004 

period) indicates a reduction in baseflow. Mill Creek watershed fits general models for 

watersheds affected by impervious surfaces (Burns, et al., 2005; Konrad and Booth, 

2002).  Recent studies in this subecoregion report increased sediment loads during storm 

events from bank erosion and runoff from construction practices (Wilson and Lockwood, 

2002). Runoff from increased peak discharge events in highly developed and areas under 

construction in MCW could contribute both organic and inorganic phosphate as 

particulate material to the stream.  
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Figure 29: Discharge duration over time 
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TP concentrations and loads increased downstream with increasing discharge and 

increasing impervious surfaces. This would suggest that impervious surfaces brought on 

by urbanization and development have a significant role in the pollution of MCW. MCW-

B, the most highly suburbanized subwatershed contributed the least amount to the overall 

TP loads but had the highest fraction of PP to total phosphorus loads. Development is 

most notable in this subwatershed and could be the primary reason for the relative 

increase particulate phosphorus.  

60% of the TP loads (70% of which were SRP) in Mill Creek were from MCW-C.  

30% or less of the total phosphorus load was in insoluble phosphorus form. Hence 

phosphatic bedrock and phosphorus-rich soils contributed the least to impairment.  SRP 

includes inorganic phosphates found in fertilizers, some sewage, and  industrial 

detergents. MCW-C has the densest distribution of single family homes and industrial 

settings throughout MCW. Since runoff increases with impervious surfaces and urban 

runoff is a major contributor during peak discharge events the source of urban inorganic 

orthophosphates (SRP) in MCW-C is most likely from over-fertilization of residential 

lawns in this subwatershed. Human and pet waste could contribute a fraction of inorganic 

orthophosphate to the overall load but the municipal sewage outflow is downstream from 

the sampling site and there has been a substantial decrease in the use of septic tanks in 

urban Nashville. 

Finally, TDEC’s elevation of allowable phosphorus loads in Mill Creek’s 

subecoregions 71I seems arbitrarily high since particulate-bound phosphorus only 

contributed 30% or less to the overall phosphorus loads, and PP is likely less bioavailable 

than SRP.  The intention of raising allowable concentration levels due to natural 
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phosphorus within the subecoregions is unnecessary since these sources contributed only 

minor amounts of (insoluble) phosphorus to the system.  The most pervasive pollutant 

was inorganic ortho- and polyphosphate most likely from fertilizers and development. 

Reevaluation of exceedence concentrations for this subecoregion is desirable based on 

actual quantified background contributions to ensure quality management strategies for 

the maintenance and restoration of this watershed. 

.   
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CHAPTER VII 

 

 CONCLUSION 

 
75% of the U.S. population lives in urban areas (Paul, 2001) and this 

number is expected to grow.  In 2000, the EPA reported that 130,000km of 

streams and rivers in the U.S. are impaired by urbanization. Mill Creek is an 

impaired stream that is suffering the effects of such urbanization. Mill Creek has 

failed to meet nutrient load water quality criteria since TDEC began sampling in 

1998. In this study, the criterion set by TDEC was exceeded at every sample site 

for every sampling event. There were no conditions in which Mill Creek met the 

criteria.  

Flow duration curve models showed a stream exceeding impairment 

during all discharge events. The projected exceedence loads generated from this 

model should be comparable to the Total Maximum Daily Loads that TDEC will 

use to generate TMDLs for phosphorus (Wang, personal communication 2004). 

Calculations using this model also highlighted the impact of impervious surfaces 

to this watershed.  Runoff values and frequent flood peak discharge values 

increased significantly over a fifty year period. 

The most active agriculture site in MCW-A is a dairy farm. These animals 

have complete access to the stream and may contribute phosphorus as part of their 

waste; however, the organic fraction of TP was in particulate form which only 

constituted an average of 24% of the total load. The particulate fraction most 

likely contained inorganic phosphorus from geologic sources also, so organic P is 
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only a fraction of the total particulate load. Only 30% of the total phosphorus load 

in MCW at sampling site MCW-C were from MCW-A. 60% of the total 

phosphorus load in Mill Creek is attributed to the most developed subwatershed 

(MCW-C) which has more impervious area (33%) and denser residential 

distribution than either of the other subwatersheds in Mill Creek. 

Particulate phosphorus (PP) increased as a fraction of the total load from 

MCW-A to MCW-B, and decreased from MCW-B to MCW-C.  This is probably 

due to the rapid suburban/urbanization of MCW-B. PP is being mobilized from 

soils and phosphatic bedrock during grading for development. Development 

increases soil erosion and often razes the property under construction which could 

displace sediment-bound phosphorus into the stream. 

Phosphorus loads were elevated for both the wet and dry periods of the 

sampling season suggesting a continuous P source. Since agricultural activities 

are taking place only in the headwaters it cannot be considered a pervasive diffuse 

source throughout the watershed. 33% of MCW-C is covered by impervious 

surfaces; the geologic units able to contribute P have been removed or paved over, 

limiting geologic contributions to P loads.  Hence geology and agricultural 

practices are most likely not the main sources of P contamination to the stream in 

MCW-B and MCW-C. Furthermore, soluble inorganic phosphates were the 

largest contributor to elevated phosphate levels in this study.  Continuous inputs 

would be needed to increase concentrations of P downstream. This suggests that  

pervasive use of fertilizers in the densely populated urban setting may be 

responsible for the bulk of the phosphorus load, and calls into question the need 
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for an increased baseline phosphorus concentration (above EPA estimates) in 

areas with high bedrock and soil phosphorus.  

Finally, this study elucidates the need for better monitoring techniques for 

those agencies who set standards concerning water quality. Managing impaired 

watersheds and maintaining the integrity of high quality streams is only possible 

with solutions based on sound science. 
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APPENDIX A 
 
 

TABULATED DATA FROM MILL CREEK WATERSHED  
 
 


