
I
I

I TVA/WR/WQ--90 /ii

, Tennessee Valley Authority. Water Resources.

I Chattanooga, TN TVA/WR/WQ--90 /II

DE91 005495

I

I DEMONSTRATION OF CONSTRUCTED WETLANDS FOR TREATMENT

OF MUNICIPALWASTEWATERS, MONITORING REPORT FOR THE PERIOD:

I MARCH 1988 TO OCTOBER 1989

!
I
I

!
I

I

I
i'VA/WR/WQ--90/II

I Chattanooga, Tennessee

I August 1990

- i

OISTRIBUTIONOF THIS flflCUMENT18 UN11M!TE_
l



!

I Tennessee Valley Authority

lver Basin Operations

i Water Resources

!
!

!

I

I DEMONSTRATION OF CONSTRUCTED WETLANDS FOR TREATMENT

DF MUNICIPAL WASTEWATERS, MONITORING REPORT FOR THE PERIOD:

I MARCH 1988 TO OCTOBER 1989

!
!
!
!
I Prepared hy

Kimberly D. Choate, James T. Watson, and Gerald R. Steiner

Water Quality Department

|

!

l Chattanooga, Tennessee

i August 1990



!

!

i
CONTENTS

I
Tables ........... ..................... iv

Figures ............................... vi

i Executive Summary ix

Introduction ................... .......... 1

I Description of Constrcted Wetlands ................... 2
Benton, Kentucky ......................... 3

i Operation .......................... 3
Vegetation .................... 4

Hardin, Kentucky ......................... 7

Operation .......................... 8

i Vegetation .......................... 9Pembroke, Kentucky ........................ 9

Operation ..... , .................... 10

i Vegetation .......................... II
Monitoring Strategy ................ ......... II

I Results ........... .................... 13Benton, Kentucky ......................... 13

Hydraulics .......................... 14

i Evaluation of NPDES Compliance ................ 17Total Suspended Solids .................... 19

Five-Day Biochemical Oxygen Demand .............. 20
Nitrogen ........................... 22

I Fecal Coliform 26Phosphorus .......................... 27

Dissolved Oxygen ....................... 28

i Hardin, Kentucky .......... ............... 29
Hydraulics .......................... 29

Evaluation of NPDES Compliance ............... 30

i Total Suspended Solids
31

Five-Day Biochemical Oxygen Demand ............ 32

Nitrogen ......................... 33

I Fecal Coliform ...................... 34Phosphorus ........................ 34
Dissolved Oxygen ..................... 35

I
i ii

I



!

I

!
!

CONTENTS

(Continued ) i
l

mm

Pembroke, Kentucky .................. ...... 35 E
Hydraulics ................ ......... 36 m
Evaluation of NPDES Compliance ............... 36

Total Suspended Solids ................... 38

Five-Day Biochemical Oxygen Demand ............. 38 |
Nitrogen .......................... 39

Fecal Colifot_n ...... ............ 41 i
Phosphorus ...... ................... 42

Dissolved Oxygen ...................... 42 D

Conclusions .............................. 43

Compliance ........ . ............ 43 |
Performance • • ....................... 43

Loading Rates ......................... 44

i
System Type ..... ; . . ................. 44

Bed Length and Length:Width Ratio .............. 45

Hydraulic Conductivity .................... 45
Construction ......................... 45 i
Substrates .......................... 46

Vegetation .......................... 46
Operation .......................... 47 |

Planned Activities ........................... 48

Benton . ........................... 48 i

Hardin ..................... , ...... 48 i
Pembroke ............................ 48

References .............................. 49 I

!

!

!



i

i

I

!

I_ TABLES

I_ I Benton, Kentucky, NPDES Permit Limits ....... 'I

2. Benton, Kentucky, Constructed Wetland Sewage Treatment

N System, Gravel and Surface Marshes 52

3. Hardin, Kentucky, NPDES Pexm_it Limits .............. 53
mm

H_ 4. Hardin, Kentucky, Constructed Wetland Sewage Treatment

System, Gravel Marshes ...................... 54

el 5. Pembroke, Kentucky, NPDES Permit Limits ............. 55

6. Pembroke, Kentucky, Constructed Wetland Sewage Treatment

I System, Marsh-Pond-Meadow .................... 56

7. TVA Constructed Wetland Demonstration Monthly

i Monitoring, Benton, Kentucky ............. , ..... 57
8. TVA Total Constructed Wetland System Performance,

Benton, Kentucky ......................... 61

i 9. Evaluation of NPDES Compliance, Benton, Kentucky ......... 62

I I0. TVA Constructed Wetland Demonstration Mass LoadingSummary of Cell I, Benton, Kentucky .......... ..... 63

II. TVA Constructed Wetland Demonstration Mass Loading

I Summary of Cell 2, Benton, Kentucky 64

12. TVA Const,mcted Wetland Demonstration Mass Loading

i Summary of Cell 3, Benton, Kentucky ................ 65

13. TVA Constructed Wetland Dye Study Results,

Benton, Kentucky, August 23-27, 1988 ................ 66

I 14. TVA Constructed Wetland Dye Study Results,

Benton, Kentucky, June 19-23, 1989 ................ 67

U

i iv

I



!

!

!
TABLES

(Continued) I

15. TVA Constructed Wetland Dye Study Results, I
Benton, Kentucky, September 4-15, 1989 ....... ....... 68

16. TVA Constructed Wetland Dye Study Results, I

Benton, Kentucky, September 19-October I, 1989 .......... 69 M

17. Detention Times During Dye Studies Conducted

at Benton, Kentucky ....................... 70 |
18. Hydraulic Gradients and Calculated Perm_eabilities m

of Cell 3, Benton, Kentucky ................... 71 !
19. TVA Constructed Wetland Demonstration Monthly

Monitoring, Hardin, Kentucky .................... 72 I
II

20. TVA Total Constructed Wetland System Performance,

Hardin, Kentucky ......................... 75
m

21. Evaluation of NPDES Compliance, Hardin, Kentucky ......... 76

22. TVA Constructed Wetland Demonstration Mass LoadinEs I

Sunmlary of Cell I, Hardin, Kentucky ................ 77 g

23. TVA Constructed Wetland Demonstration Mass Loadings

Summary of Cell 2, Hardin, Kentucky ................ 78 |
24. TVA Constructed Wetland Demonstration Monthly

MonitorinE, Pembroke, Kentucky .................. 79 l

25. Evaluation of NPDES Compliance, Pembroke, Kentucky ........ 81

26. TVA Constructed Wetland Dye Study Results, I
Pembroke, Kentucky, March 19-23, 1989 .............. 82

!
!
!

v

!



!
!
!

!

I FIGURES

J I. Benton, Kentucky, Constructed Wetland Sewage Treatment
System, Gravel and Surface Flow Marshes. ...... 84

l 2. Hardin, Kentucky, Constructed Wetland Sewage TreatmentSystem, Gravel Marshes ..................... 85

i 3. Pembroke, Kentucky, Constructed Wetland Sewage TreatmentSystem, Marsh-Pond-Meadow ............. , ..... 86

4.

l a-d Benton, Kentucky, Dye Study Results
of Total Suspended Solids . .............. 87

| s'a-d Benton, Kentucky, Dye Study Results
of Fiv__--DayBiochemical Oxygen Demand ............ 88

| _.
a-d Benton, Kentucky, Dye Study Results

of Total Nitrogen ...................... 89

| ,.
a-d Benton, Kentucky, Dye Study Results

i of Organic Nitrogen ..................... 90
8.

a-d Benton, Kentucky, Dye Study Results

of Ammonia Nitrogen ..................... 91

9.

l a-d Benton, Kentucky, Dye Study Resultsof Nitrate-Nitrite Nitroge_ ................. 92

I0.

l a-d Benton, Kentucky, Dye Study Resultsof Total Phosphorus ..................... 93

!

I vi

!
_-=



!

!
!

FIGURES I

(Continued) i

II.

a-d Benton, Kentucky, Dye Study Results

of Dissolved Phosphorus ..................... 94

12. ia-c Benton, Kentucky, Dye Study Results

of Dissolved Oxygen ...................... 95

13. Benton, Kentucky, Hydraulic Gradients m _

and Calculated Pevmeabilities .................. 96 m

14. Benton, Kentucky, Pounds of Total Nitrogen Removed ....... 97 m
m

15. Benton, Kentucky, Pounds of An_l_onia Nitrogen Removed ...... 97

!16a. Hardin, Kentucky, Total Suspended Solids Mass Loadings

of Cell 1 .......................... 98

16b. Hardin, Kentucky, Total Suspended Solids Mass Loa/ings I
of Cell 2 ................... 98 m

17a. Hardin, Kentucky, Five-Day Biochemical Oxygen Demand

Mass Loadings of Cell 1 . .......... 99 |
17b. Hardin, Kentucky, Five-Day Biochemical Oxygen Demand

Mass Loadings of Cell 2 ........... 99 l

18a. Hardin, Kentucky, Total Nitrogen Mass Loadings

of Cell 1 .................. I00 i
g

18b. Hardin, Kentucky, Total Nitrogen Mass Loadings

of Cell 2 .................. I00
m

Iga. Hardin, Kentucky, Organic Nitrogen Mass Loadings I

of Cell ]................. I01
mm

19b. Hardin, Kentucky, Organic Nitrogen Mass Loadings l
of Cell 2 . .............. 101

vii l

!



!

!

!
l FIGURES

i (Continued)

2qa Hardin, Kentucky, Ammonia Nitrogen Mass Loadings

i of Cell 1 ............................ 102

20b Hardin, Kentucky, Ammonia Nitrogen Mass Loadings
of Cell 2 . .......................... 102

I 21a Hardin, Kentucky, Total Phosphorus Mass Loadings

of Cell 1 . . _ ........................ 103

i 21b Hardin, Kentucky, Total Phosphorus Mass Loadin_s

of Cell 2 ........................... 103

I 22a Hardin, Kentucky, Dissolved Phosphorus Mass Loadings
of Cell 1 . . . ........................ 104

22b Hardin, Kentucky, Dissolved Phosphorus Mass Loadingsof Cell 2 ........................... 104

I 23 Hardin, Kentucky, Total Suspended Solids RemovalVersus Hydraulic Loading Rate ................. 105

24 Hardin, Kentucky, Five-Day Biochemical Oxygen Demand

I Removal Versus Hydraulic Loading Rate 105

25 Pembroke, Kentucky, Dye Study Results

I of Total Suspended Solids ................. 106
26 Pembroke, Kentucky, Dye Study Results

of Five-Day Biochemical Oxygen Demand ........... 106

I 27 Pembroke, Kentucky, Dye Study Results

of Total Nitrogen ..................... 106

i 28 Pembroke, Kentucky, Dye Study Results

of Organic Nitrogen .................... 107

i Pembroke, Kentucky, Dye Study Results
29

of Anunonia Nitrogen ...... ............ 107

I 30 Pembroke, Kentucky, Dye Study Resultsof Fecal Coliform ..................... 107

I viii

!



!

!
EXECUTIVE SUMMARY

I A constructed wetland is a manmade, engineered, marsh-like area

I designed and constructed to treat wastewater. It is an attractive

alternative to meet domestic wastewater treatment and water quality

I 'needs, especially for small r_ral communities and developments.

Significant advantages over conventional treatment processes

! .include operation and maintenance simplicity and relatively low capital

I and operating costs. However, the process is relatively unknown outside

the scientific and engineering community. Standardized design criteria

I are currently not available to engineers and regulators. Also,

constructed wetlands require greater land area than conventional

I mechanical systems.

i To become more familiar with the processes, the Tennessee Valley
Authority (TVA) in cooperation with the Kentucky Division of Water,

J Environmental Protection Agency (EPA), and the _!ational Small Flows

Clearinghouse (NSFC), implemented a demonstration to investigate and

I promote the feasibility and benefits of using constructed wetlands for

treating domesti'c wastewater. Three full-scale wetland treatment systems

l were constructed. Constr_cted wetlands designs, operation status, and

i performance are described in this report. Based on the findings, changes
in the monitoring plan and operations of each system are addressed.

i Monitoring results through October 1989 indicate that the three

constructed wetlands are effectively removing five-day biochemical oxygen

I demand, total suspended solids, and fecal coliforms. Limited nitrifi-

I cation occurred in each wetland during most of the period resulting in

I ix
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higher than desired anm_onia nitrogen effluent concentrations. Other J

conclusions are presented for compliance, performance, and design, con-

|
struction, and operation factors based on monitoring results, system

operation, and field observations.
|
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I DEMONSTRATION OF CONSTRUCTED WETLANDS

FOR TREATMENT OF MUNICIPAL WASTEWATERS,

i MONITORING REPORT FOR THE PERIOD:
MARCH 1988 TO OCTOBER 1989

I INTRODUCTION

I A constructed wetlands is a manmade, engineered, marsh-like area
designed and constructed to treat wastewater by attempting to optimize

I physical, chemical, and biological of natural wetland eco-
processes

systems, lt is an attractive altevnative to meet domestic wastewater

I treatment and water quality needs, especially for small rural commu-

i nities and developments.
Potential advantages of constructed wetland treatment are rela-

I tively low capitol and operating costs, consistent compliance wi£h permit

requirements, and operational and maintenance simplicity. However, there

J are also potential disadvantages. Constructed wetlands require greater

land area than conventional mechanical systems, the process is relatively

I unknown outside the scientific community, standardized design criteria

I are not available to engineers and regulators, and for surface flow
p

systems, mosquito control will probably be needed.

I To evaluate the constructed wetland technology, the Tennessee

Vnlley Authority (TVA)implemented a municipal wastewater demonstration

I project in western Kentucky. Using confined city, State, and TVA

i appropriated funds, three constructed wetland systems were built at
Benton, Hardin, and Pembroke, Kentucky. Demonstration objectives include

I evaluating relative advantages and disadvantages of these types of

systems; determining permit compliance ability; developing, evaluating,

!
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I

and improving basic design and operation criteria; evaluating cost 1

effectiveness; and transferring technology to users and regulators. m
A demonstration monitoring project was implemented with a partner-

ship of funds from the Enviro_nental Protection Agency (EPA) Region IV, I

' other EPA funds through the National Small Flows Clearinghouse (NSFC),

and TVA appropriations. TVA is managing the project in cooperationwith

an interagency team consisting of EPA, Kentucky Division of Weter,

and NSf=. 1

This report, which supersedes the first monitoring report (Choate,
U

et al., 1989) of these demonstration projects, describes each constructed

wetland system, its statu_, and summarizes monitoring data and plans for l

each system.

I
DESCRIPTION OF CONSTRUCTED WETLANDS i1

Benton, Kentucky

I
A wetlands with a design capacity of I million gallons per day

(mgd) was constructed at Benton, population 5000, to upgrade and polish I

/

effluent from the existing lagoon,. The original 2-cell (series) 26-acre
i

lagoon system was frequently hydraulically overloaded and National 1

Pollutant Discharge Elimination System (NPDES) permit limits (table I) I
J

for various parameters were occasionally exceeded. The 10-acre secondary

Ilagoon was modified into a 3-cell (parallel) constructed wetland,

designed to receive effluent from the primar_ 16-acre lagoon. The design
1

is summarized in table 2 and illustrated in figure I. The three cells I

are equally sized. Cell 3 was designed to operate as a subsurface flow lm

|
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I system with 50 percent of the total flow. Cells 1 and 2, surface flow

mll systems, wero to receive 25 percent each.t

Each cell eqntalns different combinations of substrates and plants

I (table 2). Cells 1 and 2 have substrates of native clay to provide sur-

face flow. Cell 1 was planted with mostly __h_ latifolia L. (cattail)

I a]ong with a few d_corative plant species including Iris versicolor L.

(iris), Sasittaria latifolia Wild. (arrowhead), and Acorns calamus L.

I (sweetflaE). Cell 2 was planted with _ cyperinu__ss (L.) Kunth

I (woolgrass bulrush), Scirpus validus Vahl. (softstem bulrush), and

cattail. Cell 3 has an average of two feet of gt'avel subst_ate to

I provide subsurface flow and is planted with bulrush. Volunteer
softstem

species in the wetlands include TFpha anKustifolia L. (narrow leaf),

! -phraKmites australis (Car.) Trin (common reed), sweetflag, Lemna minor L.

I (duckweed), and P__olyKonum (smartweed).

Operation

I The wetlands treatment system began operating in January 1987, with

I ali flow from the la_.oon directed to cell 3 (subsurface flow cell) while
vegetation was being established in the two surface flow cells. Cells 1

I and 2 were put in operation each
January 1988, receiving 25 percent of

the total flow. Demonstration monitoring began in March 1988.

l Gravel filtered the wastewater while vegetation developed in all

i three cells; however, solids and microbiota accumulated quickly and
partially filled the voids in the gravel substrate by late _ummer 1987,

I resulting in partial surface flow by the end of the first year of oper-

ation. In order to reinstitute subsurface flow in cell 3, the inter-

I agency team agreed to redistribute the total flow. In June 1989, flow
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to cell 3 was decreased so that 12 percent of total flow was directed

to cell 3 and 88 percent evenly distributed into cells 1 and 2.

|
Two mechanical aerators were installed in the primary lagoon and

operated periodically during the summer of 1988 to control lagoon odors. I

These aerators substantially improved the performance of the primary

lagoon, l

' Some short circuiting occurs within each cell, largely because of i

uneven elevations in the bottom of the cells, the top of the gravel, and I

the inlet distribution pipes. Some corrections have been made, including I
m

filling low spots in the gravel surface around the periphery of ceil 3

during spring 1988, modifying the inlet distributors of cells 1 and 2, l

and repairing a broken pipe segment in cell 3 during August 1988 (before

the plug flow study). I

Mosquito populations were occasionally found to be very high in i
m

surface flow conditions. Control methods are being tested due to '_heir

nuisance and potential public health hazard. The larvicide, Bacillus i

sphaericus, has been found to be very effective.

Vegetation I

Wetlands vegetation was planted in stages from the fall of 1986 to I

the spring of 1988. As a result, each cell has various age groups of

vegetation. Root depths and biomass were measured during the summer of l

1989. Root depths were found to be very shallow (4 inches for cattails m
in cell I, 9 inches for woolgrass in cell 2, and 3 inches for softstem

bulrush in cell 3).

|



l Factors that appear to affect root depth include species and age,

I water levels, nutrient supply, substrate characteristics, and redox con--
m

ditions. Root depth is particularly important in gravel cells since

I roots are believed to be the primary sour'ce of oxygen for aerobic

bacteria. Roots may also be important for stabilization of long-teznn

I permeability of the gravel. Shallow roots in the gravel cell probably

result from a combination of the above factors. Water levels could

I not be progressively lowered as desired due prima;ily to hydraulic

I limitations imposed by the inlet clogging. Hydraulic g_'adients required
for subsurface flow were much larger than those available through design

I and (removal of baffle boards in the
(bottom slope) operation effluent

water level control stm/cture). Nutrients are probably overly abundant

I in the wastewate_ which in combination with the pe_eable gravel sub-

strate, precludes the need for deep roots for acquisition of an adequate
nutrient flux for healthy growth. Also, a highly reducing environment

l resulting from the organic loading to the cell prior to establishment of

the plants may discourage deep root penetration. These factors suggest

I that root depth can be more readily established prior to sustained waste-

water loadingL If practical, new systems should be allowed at least one

I growing season to establish the root zone prior to sustained loading.

I Also, improved design criteria for hydraulic and organic loading should
minimize most of the problems identified above that may be restricting

I root depth. However, even with restrictions removed
through improved

design, better information is needed for optimal plant management. For

I example, what are acceptable rates and guidelines for lowering water

i levels to encourage deeper root penetration without o4erly stressing
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!plants? If root depth is increased through water level manipulation,

will root depth be sustained over the long-term? What are reliable

m
estimates for the quantity of oxygen "leaked" to the root zone? Are

!roots (live and dead) important for stabilizing long-tez_m permeability

and, if so, to what extent? These aspects are controversial and need

resolution. I

Water depth affected vegetation in the surface flow cells. Shallow

I, water species such as woolgrass and cattail cannot withstand sustained

deep water conditions (greater that 12 to 18 inches). Woolgrass planted n
U

in cell 2 has gradually disappeared except in the shallow front half of

the cell. Cattails in the outlet areas of cells I and 2 are also less I

dense, which may result more from predation by muskrats rather than water
mm

depth (more than 50 muskrats were removed during the winter of 1989-90). U

Also_species such as woolgrass depend on seed germination for estab-
U

fishing new plants. Seed germination generally requires ideal conditions

(typically mudflats rather than sustained flooding). Special operations l
lm

would be needed to obtain these conditions for a constructed wetland,

and these types of operation are undesirable if they can be avoided. I

Woolgass has almost disappeared in the deeper lower half of the cell and
i

remain in isolated clumps in the shallow upper half. Rhizome species U

(softstem bulrush, cattail, reed, arrowhead, etc.) are typically I
J

spreading rapidly.

In July 1988, the Marshall County Health Department sprayed the I

wetlands for mosquitoes. Insecticides (Malathion and Sevin) chemically
mm

burned most of the wetland vegetation and killed a portion of the I

invertebrate population, but the system recovered quickly with no m
apparent long-term effects, n

-6_ I



I Hardin, Kentucky

A 0.l-mgd gravel-marsh system was built at Hardin, population 545,

to polish the effluent from the 0.07--mgd package contact stabilization

I plant. The existing package plant was overloaded hydraulically by high

l inflow and infiltration and wns physically deteriorated. The NPDES
pez_it limits (table 3) were violated frequently.

I The constructed wetland system consists of two equally sized

subsurface flow cells that receive equal flow from the contact stabi-

I lization plant. The engineering design for the constructed wetlands

i is summarized in table 4 and illustrated in figure 2.
The cells contain an average depth of two feet of I/2-.inch diameter

i crushed limestone and river gravel substrate. Subsurface water depth is

intended to be about 1 inch below the top of the gravel in the inlet

I area. A diked hardwood area designed for storage capacity of 1.5 million

gallons is used to manage excessive inflow and infiltration entering the

l collection system during storm events. Excessive storm,water is diverted

I to the hardwood area and then slowly released to the treatment system
after stormflows subside. Alternately, the water stored in the hardwood

I storage area is sampled and released to Martins Creek if it complies with

NPDES pez_it limits.

I Each cell has the same substrate, river gravel and limestone,

but different plants. Cell I was planted with conunon reed. Cell 2

i was planted with softstem bulrush. Volunteer species, such as smart-

i weed, has also established.

!
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Operation I

The wetlands system began operating and demonstration monitoring I
l

began in October 1988. Solids flushed from the contact stabilization

plant partially clogged the front portion of the two cells. The solids I

are activated sludge floc carry-over from the final clarifier, and they

will be a persistent problem with the system. Solids result primarily I

from sludge bulking caused by several conditions including inadequate
m

oxygen in the activated sludge system and improper sludge recycle and I

wasting operations. High flows during rainy periods exacerbate the l

carry-over problem. The Kentucky Division of Water's Comptrain Team

performed a detailed evaluation of the facility in July 1989, resulting I

in a major rehabilitation of the package plant which is partially com-

!pleted. Operational assistance is also being provided by the Purchase

Area Development District.

l
Operation of the wetland cells were intermittent during this

reporting period due to the need to replant each cell. Details are l

provided in the next section.

Operation of the hardwood storage facility has not been accom- i

plished as planned. Generally, ,the water has been allowed to stay much
i

longer than desired before manually draining back to the package plant l

pumping station. Also, design errors resulted in a higher outlet struc- I
J

ture elevation than the back end of the facility, causing continuous

flooding of this area until modifications were made in the fall of 1990. l

Combination of these problems resulted in loss of some hardwoods.

!



I Ve_etatio n

I Vegetation was planted in October 1988 but. by spring, survival
percentages were very low. Poor survival results from water depths that

i occasionally topped the new plants during rainy periods and dropped below

the root zone during dry pet'iods (site operators incorrectly used valves

I rather than adjustable standpipes for water level control), a large layer

i of solids (up to 6 inches deep) that accumulated in the ft'ont quadrant
of the cells, anaerobic conditions, and perhaps winter kill of young

I plants. Cell 2 was replanted with softstem bulrush in May 1989, and cell

1 with condon reed in August 1989. All flow was routed to cell 1 from

I March to June 1989, to stabilize accumulated solids in cell 2 and help

establish the newly planted bulrush. Survival of the bulrush was sue-

I ¢essful although extreme water level fluctuatinr, due to improper

I operation of the water control devices severely stressed the plants
during late summer. Survival of the replanted common reed was still

I _i,oorand the cell was again replanted in June 1990.

I Pembroke, Kentucky

I A wetland with a capacity of constructed
O. 09-mgd was at, Pembroke,

population II00, to treat the wastewater from the existing O.07-mgd

I contact stabilization package plant. This plant was routinely violating

i

I NPDES permit limitations (table 5) and the city was under order by EPA to
upgrade the treatment system. The constructed wetland is a marsh-pond-

I meadow system. The design is summarized in table 6 and illustrated in

figure 3. The system consists of two parallel and independent systems,

!
I -9-
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!
each having in series two parallel marsh cells, a pond, and a meadow.

Designs of the two systems are the same except for substrates and marsh W
ml

vegetation. System A was constructed with gravel substrate in the marsh

meadow cells to provide subsurface flow. System B was constructed W
and

with natural clay to provide surface flow.

!
Operation

After the wetland system began operating and before planting W

vegetation, the actual base flow was fDund to be substantially less than m

the design flow. lt was decided to use only one of the two systems, and

the surface flow system was chosen (system B). The constructed wetlands M
i

began receiving effluent from the existing plant in October 1987. The

flows, large capacity of the pond, W
system filled slowly because of low

evaporation, and seepage from the pond (the major factor). Seepage
i

within the system still appears to be significant although the ponds W

were repaired by adding clay and bentonite to exceed a permeability

|
specification of 10 -6 cm/sec. A relatively small sinkhole formed in

the bottom of the unused pond of system A in November 198_, and the same M
_mr

forces could be affecting the used pond. A hydrologic mass balance of

the system was performed using hydrologic inform_ation collected during W

a dye study conducted on March 19 through 23, 1989, to deter_ine the m

permeability in the used pond. The calculated permeability indicates l

water is seeping approximately 5 times faster than before addition M
i

of clay and bentonite and 200 times faster than the design pet:_eability.

However, visual observations during 1990 indicate that meadow effluent W

flows are higher than during 1989, suggesting that the pond may gradually

be sealing. W

-I0- W
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I The effective operational date was December 1988; howe_er, flow wasd

i diverted to the grave ! system during April and May 1989 during a third
attempt to establish Phalacis acundinacea L. (reed canary grass) in the

I meadow. Demonstration monitoring began in December 1988.

I ,Veget@tion
Cattails and sofC.stem bulrushes were planted in the system B sur-

I face flow marshes in August 1988, The planting was successful in both

marshes. The pond was s_ded with duckweed which multiplied rapidly.

Reed canary grass was sown three times in the meadow, but the species

never became established. Natural vegetation including Panicum

I dichotomiflorum Michx. (fall panicum) and smartweed established

I independently in the meadow and has become dense.

=

I MONITORING STRATEGY

I Influent and effluent samples were initially collected monthly at

each site. After reviewing the data, the interagency team recommended

I semimonthly nitrogen samples starting May 1989. Influent samples were

proportioned to flow with an automated sampler. Monthly and semimonthly

I sampling locations are shown in figures I, 2, and 3. Effluent wastewater

I samples were Era b samples. Continuous flow meters at each weir control
structure recorded instantaneous and cumulative flows through each cell.

I Reported flow measurements 24-hour for the collection
are averages sample

period. Substcate temperature was measured within each constructed wet-

I land cell.

!
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Dye studies were performed at the Benton and Pembroke constructed i

wetland providing information on flow patterns and spatial wetland I

m
performance. Dye was added to the wastewater at the flow splitter box

and distributed between the cells. Dye concentrations were monitored at I

transects located in each cell as shown in figures 1 and 3. Each cell

had transects containing sampling points (standpipes in the gravel cell i

and markers in the surface flow cells). Equal volumes of wastewater were
m

pumped continuously from each location and analyzed for fluorescence with l

a computer system. A composite of the sample points across a transect l
g

was collected by automatic samplers when the peak dye concentration was

detected at the transect. After the dye peaked at the first transect, I

automatic samplers were moved to the next transect, and the process was

'repeated. I

As described in the workplan (TVA, 1988), laboratory and field

|
parameters for the monthly, semimonthly, and dye study samples collected

by TVA Field Engineering and analyzed by the TVA Environmental Chemistry l

Laboratory (EC) included:

Laboratory Field l

Five-day biochemical oxygen-demand Oxidation reduction potential I

(total) (semimonthly) l
Five-day biochemical oxygen demand

(soluble) (dye study on!y) Temperature (semimonthly)
Total suspended solids |
Organic nitrogen (semimonthly) Flow (semimonthly)

Ammonia nitrogen (semimonthly) mm

Nitrate nitrite nitrogen pH (semimonthly)
(semimonthly) mm

Total kjeldahl nitrogen Dissolved oxygen (semimonthly)

(semimonthly) IPhosphorus (total) Conductivity (semimonthly)

Phosphorus (soluble)

(dye study only) Alkalinity (semimonthly) mm
Fecal coliform bacteria |

-12- I

|
= W



!

I The analytical procedures used by EC are approved by regulatory

agencies or standard-setting organizations. EC uses basic quality
i

control techniques published in EPA's Handbook for Analytical Quality

l Control in Water and Wastewater Laboratories,

I RESULTS

I Benton

l Data for twenty months (March 1988 through October 1989) of
demonstration monitoring at the Benton, Kentucky, project has been

I evaluated. Results from the and nutrient
monthly semimonthly data and

four dye studies are used to summarize the performance of the constructed

l wetlands. TVA's monthly and semimonthly concentrations of each cell

l (table 7) and the total system (all three cells) (table 8) are summarized
in table 9 and compared to NPDES summer (May through October) and winter

i (November through April) periods. The city of Benton's NPDES compliance

data are also summarized in table 9 and compared to TVA data. TVA data

I for the total effluent concentrations were determined by flow--weighting

the effluent concentrations of each cell. Perfoz_ance of each ceil and

I NPDES season are compared by average percent removals for each season

I (summer and winter) using mass loadings (tables I0 through 12). Perfor-
mances within each wetland cell are summarized by using results from four

I studies (table 13 16). Concentration of
dye through key parameters as

the wastewater moves through each cell is illustrated for all dye studies

I in figures _ through 12.

!
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Hydraulics

The August 1988 dye study was conducted while one-half of the total
m

flow was entering cell 3 and the other half was equally split between

cells 1 and 2. During this study, significant surface flow was occurring I
IW

in cell 3, the gravel cell, because of partial clogging of voids in the
xmmm

gravel from solids filtered out of the lagoon effluent and micro-

biological growth in the gravel. As a result, a flow redistribution was

made with 12 percent of the total flow entering cell 3 and 88 percent

equally split between cells 1 and 2. The June 1989 and the two September l
g

1989 dye studies were conducted with this new flow distribution with only

Ia small portion of surface flow in the front of cell 3.

Dye flow patterns during these studies were similar for cells 1

!and 2. In the first quarter of surface flow cells I and 2, most of the

wastewater traveled through the left (west) side of the cells which

|
contains the deepest water due to not obtaining a zero lateral slope of

the cell beds during construction. Flow distr£bution improved greatly I

as the wastewater traveled through the cells. This same flow pattern

occurred during all dye studies even though the percentage of flow to l

cells 1 and 2 and plant dense.ties were greater following the first study

(August 1988). I

. In cell 3, flow traveled through the left (west) side in the first l
g

quarter, perhaps due to uneven grading as occurred in cells 1 and 2,

although this has not been substantiated. Flow was dispersed more lwm_

uniformly after the first quarter, but some lagging occurred along the
mm

right (east) bank. After the second quarter, wastewater was evenly i

distributed across the cell. The decrease percent of total flow entering in

|

|
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!
I cell 3 in subsequent dye studies did not affect the flow pattern found in

i the August 1988 dye study.
Theoretical detention times versus measured detention times are

I presented in table 17. Measured detention times were similar for cells I

and 2 and shorter than theoretical detention times, reflecting short

I circuiting in the front half of each cell. Wastewater traveled rapidly

through cell 3 in the first dye study (August 1988). During this study,

l a large pePcentage of flow was surface flow; as a result dye concen-

l trations measured represented the surface flow component more than the

subsurface flow component. Measured detention times of the other dye

l operating primarily as a subsurface flow
studies which reflect cell 3

system were much closer to and in two cases (the September dye studies)

I were longer than the theoretical times which were based on an assumed

i average depth and a porosity of 30 percent.
In summary, some short circuiting is occurring in all three cells,

l especially in the first quarter of each cell. Flow distribution improves

greatly after the first quarter of each cell. Measured detention times

l for cells 1 and 2 were similar and shorter than the theoretical times in

all four dye studies. Measured detention times for cell 3 were close to

l theoretical times when the system was operating as subsurfaze flow.

l Flow distribution data strongly substantiate the need for good

construction practices which closely control bed elevations and slopes.

i Permeabilities of the in cell 3 calculated
gravel were using data col-

lected during the two September dye studies and are listed in table 18.

I Petuneabilities were about 16,000 ft/day in the second quarter,

i 35,000 ft/day in the third quarter, and 53,000 ft/day _.n the lash
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quarter. A value for the inlet area (first quarter) could not be i

determined because the flow rates were still sufficiently high to cause i
m

surfacing at the inlet; however, the plotted data (figure 13) indicate

the inlet permeability may be very low. Clogging will need to be M

observed on an annual basis for several years to deter_line whether

!permeabilities stabilize or continue to decrease. Dr. Kickuth (Boon,

1985) of Germany suggests that the permeabilities will eventually
m

stabilize at approximately 850 ft/day. I

Organic loading is a pr_mary factor contributing to the decrease R
i

of porosity in the gravel of cell 3. For the first 14 months of opera-

tion, essentially all flow was routed through the gravel cell. No influ- W

ent data are available for this period, but based on data from March 1988
am

through March 1989, the biochemical oxygen demand (BOD) loading would M

have averaged about 150 Iblday during this initial startup period. Unit i

m
loading for the inlet cross section would have averaged about 0.52

Ibldaylft 2, Surface flow occurred within the first year under these M
J

loading conditions. After cells I and 2 become operational, this loading

w_s halved (75 Iblday or 0.26 Ibldaylft 2 for the period March 1988 M

through March 19897. Following a two-monthdrying-out period to help

reinstitute subsurface flow, the loading was reduced further averaging i

2

15.4lib/day or 0.054 Ibldaylft from June through October 1989. During I
J

this period, surface flow occurred only in the inlet area (the first I00

tc 200 ft of the cell) during normal flows (flow averaged 68,500 gpd or, M
i

2
on a unit hydraulic basis, 238 gpd/ft for the inlet cross--sectional

mi

area). Based on this information, unit loading rates of 0.05 Ib M

2 2

BOD/dayl'ft organic and 200 gpdlft hydraulic probably approach i

i
those required to minimize surface flow in gravel cells; however, they

-16- W
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I need to be refined, verified, and correlated. Since flow capacity of the

I gravel and the hydraulic conductivity are directly proportional according
to Darcy's law, higher hydraulic rates can probably be used with lower'

I organic rates and vice versa. Partial verification is provided by data

from another TVA demonstration site, Phillips High School in Bear Creek,

I Alabama. This gravel cell has not experienced any sustained surface flow

during its first year of operation with inlet unit organic and hydraulic

I loading rates (HLR) of 0.0111b BOD/day/ft 2 and i01 gpd/ft 2 respec-

tively. Performance of the small school system has been exceptional for

ali compliance parameters (Watson, 1990).

i

l Evaluation of NPDES Compliance

I Summary data collected by the city and TVA are presented in

table 9. Municipal data represent the treated wastewater at the point

I of final discharge. TVA data represent the treated wastewater from each

wetland cell and the total system on a flow-weighted basis. TVA data are

i before chlorination and aeration (wastewater from each wetland cell flows

J over a baffle and H-flume before combining at th_ discharge pipe). The
lagoon/constructed wetlands system is much more effective and consistent

I in meeting the BOD and total suspended solids (TSS) NPDES limits
permit

than the original lagoon system. Biochemical oxygen demand has not

I exceeded the permit limit since the wetlands became operational. Total

i suspended solids has not exceeded the permit limit since after the
initial startup period (spring 1988) when vegetation was sparse in cells

I 1 and 2 and water levels were not stabilized. The pH values for both
U

systems, lagoon and lagoon/constructed wetlands are within the NPDES

I limit.
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Fecal coliform reduction in the wetlands results in effluent l

concentration approaching the permit limit without disinfection; how- I

m
ever, disinfection is still needed to consistently meet the limit.

Significantly less chlorine is being used since the constructed wetlands I

system was put in operation, probably due to the decreased suspended

solid_ and chlorine demanding substances. Overall the compliance I

percentages are similar for before and after wetlands operation due to

the absence of an adequate mixing structure following the wetlands

system. I
Dissolved oxygen (DO) concentrations for the original lagoon system

are not available. However, low summer ammonia nitrogen concentrations I

(maximum 5.8) of the lagoon indicate that DO was present for nitifica-
_m

tion. The city's DO data for the lagoon/constructed wetlands average l

5 mg/l more than the TVA average DO concentration. This increase re-
m

flects reaeration as the wastewater flows over the water level control

baffles, the H-flumes, and the discharge pipe. The noncompliance per- l

centage for ammonia nitrogen during summer is greater for the wetlands

system than for the original lagoon system. Ammonia nitrogen compliance I

during the winter improves for the wetlands system and is similar to the
m

original lagoon system. The decreased ammonia nitrogen reduction in the I

wetlands is believed to be due to suppression of DO throughout the wet- I
J

lands and the resulting inability to sustain a nitrifying bacteria

population. Reaeration will be needed to consistently meet the NPDES l

limit during summer. Recirculation/aeration schemes are being tested to
mm

increase the DO and nitrification. I

!
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W Total Suspended Solids

W The wetland cells were extremely effective and consistent in
reducing TSS (table 7). Wetland influent TSS were highly variable

W ranging from 9 to 120 mg/l with a mean of 57 mg/l. The mean effluent

concentrations for cells I, 2, and 3 were II, 14, and 5, respectively.

W Concentrations have not exceeded 30 mg/l except during the spring of 1988

when vegetation was still sparse and water levels were not stabilized.

W Removal efficiency trends for each cell were similar (tables I0

W through 12). The first winter period had lower removals than the other
periods. Percent removed for the other three periods remained relatively

W constant in each cell. The subsurface flow cell 3 had the best TSS

removal (68, 96, 94, and 93 percent) followed by cell 1 (40, 90, 83, and

W 95 percent) and cell 2 (70, 71, 83, and 85 percent), respectively.

W During the August 1988 and June 1989 dye studies, most TSS was
removed in the first quarter of each cell and the concentrations then

W remained relatively constant throughout the remainder of the cell lengths

(figures 4a and 4b). During the two September 1989 dye studies, TSS were

W removed in the first half of cells I and 2 and in the first quarter of

cell 3 (figures 4c and 4d). Recirculation was occurring in cell 1 during

M the September 1989 dye studies but similar trends for cells 1 and 2 indi-

W rated the increased velocities due to recirculation did not cause TSS to
increase. Highest flows in cells 1 and 2 (515,000 gpd each) occurred

W during the June 1989 dye study, but TSS performance similar (70
was per-

cent or greater removal) during this period as during the lowest flow

W study (August 1988: I13,000 gpd for cells I and 2, each), suggesting

W little sensitivity to HLR in this range. Cell 3 performance will be

W -19-
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!
more dependent upon the HLR due to surface flow at higher HLR, but even

with some surface flow, the performance should be as good or better than M

cells 1 and 2.

lm

Five-Day Biochemical OxyKen Demand M

Like TSS, all three cells effectively reduced BOD. Influent W

(lagoon effluent) maximum BOD was 45 mg/l with a 26 mg/l mean (table 7).

The BOD effluent ranged from 1 to 25 mg/l with means of I0, 12, and W

7 mg/l for cells I, 2, and 3, respectively (table 9).
I

Biochemical oxygen demand reductions in all three cells for the l

summer and winter periods followed the same trend as TSS reductions iM
indicating most BOD is suspended and is removed by filtration and

sedimentation. Removal efficiency trends for each cell were similar. W

Removal was less during the first winter period (1988) in all three

!cells, illustrating effects of less dense vegetation (vegetation planted

in stages during 1987 and spring of 1988) and water levels not stabi- I
g

lized. Percent removed for the other three seasonal periods remained

relatively constant in each cell while the HLR varied considerably W

(tables I0 through 12). This along with the small percentage of influent

soluble BOD and removal of suspended BOD in the first quarter of the M

wetland cells indicate that the cells may have reached their maximum

removal efficiency for the water depths used (averaging 1.3 feet in cells

1 and 2 and 1.8 feet in cell 3). M
l

Cell 3 had the best total BOD removal efficiency (table 12),

increasing each period (41, 76, 77, and 86 percent for the W
gradually

respective pe?iods). This was mainly due to filtration of suspended

!
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I organics within the gravel substtate. The trend for cell I (table I0)

l was similar to that for cell 3 except there was a slight reduction during
the last period (35, 72, 76, and 74 )ercent for the respective periods).

l Cell 2 (table II) which has flow equ_l to cell i performed poorer (51,

55, 66, and 62 percent) than the other two cells. This reflects effects

I of less dense vegetation, allowing more algal and duckweed growth and

less filtration. Algae contributes to BOD in the effluent.

I Most BOD is removed within the first quarter of each cell
J

i regardless of flow rate (or detention time) (figures 5a through 5d).

Flows in cells 1 and 2 during the dye studies varied from 113,000 gpd

I in 1988 to in June 1989. This rates
August 515,000 gpd provided loading

ranging from 0.0313 to 0.1429 mgd/acre (31.% to 7.0 acres/mgd), respec-

! ,tively. Most BOD is usually suspended which indicates that settling and

l filtration are effective removal mechanisms in each cell over a wide
range of flow conditions. During the late-September 1989 dye study, most

I influent BOD was in the soluble form and concentrations in cells I and 2

fluctuated until the middle of the cells.

I Soluble BOD removal efficiency trends for the NPDES periods (tables

I0 through 12) were similar with an exception of cell 3. Reductions in

I soluble BOD for cells I (65, 18, and 54 percent), and 2 (69, I0, and 46

I percent) were relatively high during the two winter periods and extremely
low during the summer period. During winter months, soluble BOD is

l higher in the influent and removed
readily by microorganisms. Low

reduction in soluble BOD during summer months in cells I and 2 is

I believed to reflect low influent concentrations. Removal in cell 3

!
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(52, 53, 68 percent) remains relatively constant, suggesting that inter-, il

nal soluble BOD production (from degradation of filtered suspended BOD

m
including plant detritus, such as wetlands vegetation, algae, and duck-

weed) in gravel systems compared to surface flow systems is not, as great I

during the sunm_er growing period or is removed within the system.
i

First-order kinetics we_e evaluated for soluble BOD removal in i

cell 1 during the September 19 through October I, 1989, dye study. The m

calculated value for k, was 3.76/day, compared to 0.0057/day suggested

for surface flow wetlands by other investigators (Reed et al., 1988). l
m

The high rate is encouraging but the large disparity between investi-

gators indicates need for more information on reaction rates, i

Nitrogen I

Total nitrogen (organic, ammonia, and nitrate-plus-nitrite nitro-

gen) summer and winter removal trends for cells 1 and 2 (table I0 and II) I

were similar. Cell 3 reductions were similar to cells 1 and 2 (table 12)
i

during the last two periods (winter and summer 1989). Percent removals I

for the first period (winter 1988) ranged from 14 (cell 3) to 49 (cell 2) I
m

percent. During the last two periods (winter and summer 1989) perfor-

|mance of the gravel cell (cell 3) improved substantially and the ran_e

between the cells narrowed from 50 (cell 2) to 55 percent (cell 3) during
I

the summer 1989 period. A reduction of the HLR which occurred in April i

1989 contributed to the improved performance in cell 3 along with con- m

tinuin_ maturation of the vegetation which may be providing more DO for I

the nitrifying bacteria. I
i

Pounds of total nitrogen removed in each cell were approximately

!the same even though cell 3 had 50 percent of the total flow and cells I

-22- I
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and 2 had 25 percent each during the March 1988 through March 1989 period

l (figure 14). From Ma_ch through June 1989 when cell 3 was out of opera-
tion, total flow was evenly distributed to cells 1 and 2, and the pounds

I removed in each cell increased with the increased loading. On June 14,

1989, the highest nitrogen loadings were removed from cells 1 and 2 as

I organics were flushed from the lagoon due to a large storm event. Flow

was directed back into cell 3 in mid-June at a reduced loading. Removals

l in cells I and 2 then remained similar and continued to vary from

I negative to positive values. Removals in cell 3 fluctuated less under

the reduced loading conditions.

I Dye studies reveal that reductions in total nitrogen typically

occurred through the third quarter of the cell, followed by either

I relatively constant or increasing concentrations in the final effluent

I of each cell (figures 6a through 6d). Overall removals should continue
to improve as nitrification increases.

I Organic nitrogen reduction trends (tables I0 through 12) were

similar to trends of TSS and BOD for each cell. Reductions for the first

I winter period were much lower than the subsequent seasonal periods except

for cell 2. Reductions for other periods remained relatively constant

l for cells 1 (79, 78, and 80 percent) and 3 (86, 85, and 86 percent).

I Cell 2 removed only 62 percent during the summer 1988 period, but re-

movals approached those of cells 1 and 3 for remaining periods (second

i winter--74 percent, and summer--79 percent). 3 removes the most
Cell

organic nitrogen followed by cells 1 and 2. This suggests that most

I organic nitrogen is being removed as suspended solids. This is supported

i by the dye study data (figures 7a through 7d) which shows organic
nitrogen being removed in the first part of the cells.

I -23-
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Effluent an_onla nitrogen eoncentratlons for all three cells

(table 7) and the total system (table 9) have frequently exceeded permit W

limits. The average ammonia nitrogen concentrations for the specific
mm

periods for cell 1 (5,3, 8.8, 5.7, and 9.4 mg/l), cell 2 (6,6, 5.9, 4,5, W

and 8.5 mg/l), and cell 3 (II.9, 12.5, 5.8, 7,5 mg/l) indicated nitrifi-

I
cation was slightly greater in cell 2 than the other cells, However,

nitrification in cell 3 has shown improvement in the last two periods M
mm

which is probably contributed to maturation of the vegetation and reduced

loading rates. {

A_nonia nitrogen reduction is very complex and must be evaluated
[]

with consideration to many factors that affect nitrification. The M

evaluation is made difficult by the wide fluctuation in influent ammonia M
[]

nitrogen and organic nitrogen loadings. To eliminate problems typically

associated with evaluation of concentration data, performance was first M

evaluated using pounds removed derived from mass loading s.
mm

Frequently, there was a net production of ammonia nitrogen within W

each cell (figure 15). Generally, cells 1 and 2 followed the same trend

|
with cell 2 usually having greater removals or less net production.

During March through June 1988, there was a net reduction in cells I W
mm

and 2 and a net production in cell 3. The net production in cells 1

and 2 were much lower than cell 3 during March 1988 through March 1989 W

@

with an exception of two months. However, during this period cell 3
[]

obtained twice the loading as cells I and 2 and cell 3 was converting M

significantly more organic nitrogen to ammonia nitrogen, July and I
m

August of the first sunder period and June, July, and August of £he

second sunm_er period had higher pounds of ammonia nitrogen in the W

effluent than other months. During the second summer period, the

!
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i ammonia nitrogen reduction in cells I and 2 was less than cell 3. This

I indicated the impact of reversing the influent loading rate by increasing
m

flow to cells 1 and 2 and decreasing flow in cell 3, During the last

I three months (August through October 1989) a_l_onia nitrogen was being

reduced in all three cells. Recirculation and cascade aeration of

I effluent for cell 1 was initiated on August 23, 1989 to increase DO

for better nitrification, but its effects appear to be minimal since

l trends for cells 1 and 2 remain similar. A greater recirculation ratio

l and other operating schemes were implemented, beginning June 1990, to

attempt to obtain DO concentrations greater than 2 mg/l throughout the

I cell for
effective nitrification.

Pounds of ammonia nitrogen reduced during the summer were generally

I lower than winter months. During September 1988 through February 1989,

I the water temperature was much lower; effluent DO was significantly
higher; and pounds of ammonia nitrogen in the effluent were much less

than other months. However, it was also noted that organic nitrogen

influent loading was much less than other months, apparently due to

I significant ammonification and nitrification within the lagoon. Lower

organic nitrogen loading and higher DO levels resulted in improved

l nitrification. However, during September and October 1989, lower organic

i nitrogen loading occurred but low DO resulted in high ammonia nitrogen
effluent concentrations.

i Ali four studies revealed that in the first of each
dye quarter

cell, organic nitrogen significantly decreases (figures 7a through 7d)

I and an_onia nitrogen rapidly increases (figures 8a through 8d). After-

l wards, organic nitrogen generally remained relatively constant, while
an_onia nitrogen began decreasing between the second and third quarter

I -25-
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of the cell length, During three of the four studies (August 1988, i

September 4 through 15, 1989, and September 19 through October i,

|
1989), ammonia nitrogen concentrations continued to decline or

remained constant in the last qua?tct of the cells, These data m
i

indicate that nitrification is occurring but is not being completed

due to insufficient DO, n

n

Nitrification improved substantially in the gravel cel_ (cell 3)
m

after reduction of hydraulic and organic loading in April 1989. Although n

ammonia nitrogen concentrations remain high (averaging 6.8 mg/l for June n
m

through October 1989), they are consistently less than cells 1 and 2 for

the same period (9.0 and 9.6 mg/l, respectively). Reductions in cell 3 l

are obvious in the three dye studies conducted during 1989 (figures 8b,

!8c, and 8d), especially during the two September studies when nitrate

nitrite concentrations also increased in the last quarter of the cell n

|
(figures 9c and 9d).

All four dye studies showed that there was very little fluctu- i
_m

ation in nitrate nitrite concentrations except in cell 3 (figures 9a

through 9d). Even in cell 3, concentrations remain less than 0.5 I

suggesting that nitrate nitrite added during nitrification is rapidly

!converted by denitrification.

Fecal Coliform 'I

Fecal coliform bacteria were effectively reduced in all three m
cells by natural processes (without chemical disinfection). Wetland n

influent fecal coliform values ranged from I00 to 57,000 co].onies/100 ml n

(table 7). Influent geometric means for specific periods (summer 1988,

summer 1989, and winter 1989) were 17,146; 3,904; 1,641; nwinter 1988,
l

mm

|
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i and I0,882 colonies/100 ml. Geometric mean removals for these periods

i for cells I (96, 84, 90, and 68 percent), 2 (99, 98, 98, and 90 percent),
and 3 (93, 98, 99, 98 percent) remained relatively constant with an

I exception of the last period of cell 1, which may be caused by an

increase in wildlife. Visual observations indicated that more wildlife
i

I (birds and muskrats) were attracted to the cattails and bulrushes in

l cells 1 and 3, respectively. However', cell 3 (gravel cell) is able tofilter most of the bacteria.

I Dye studies reveal that removal of most fecal coliforms generally

occurred in the first quarter of the cells similar to removal of BOD,

i TSS, and organic nitrogen. This suge,ested that most of the coliforms

are tied to the suspended material.

!
P_hosphorus

i Total phosphorus reductions for summer and winter periods in

cells 1 and 2 ranged from 17 to 35 percent (tables I0 and II). Cell 2

I has summer/winter trends with highest removals occurring during summer

l ' months which may relate to duckweed coverage. Cell 3 (table 12) per-

formance improved substantially (9 to 53 percent removal) after reduction

i of flow and reestablishment of subsurface flow. The cells released
more

phosphorus than that contained in the influent during April 1988 and

I March 1989, suggesting that decomposition of dead vegetation may be

i important in the early spring.
Soluble phosphorus reduction trends for cells 1 and 2 (table I0

l and Ii) were different from cell 3 (table 12). Small reductions (27

to 31 percent) occurred during the summer period, but concentrations

l increased in cells 1 and 2 during the winter periods. Reductions in

I -27-
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cell 3 were similar (18 ant 14 percent) during the last two seasonal I

periods (summer 1988 and winter 1989). This indicates that removals in

,i!

cell 3 are probably due pr_imarily to physico-chemical processes within
k

the gravel while those in cells I and 2 are related to plant uptake

m
during the growing season.

Dye study data indicat!_ that total phosphorus concentrations i

in cells 1 and 2 varied as whstewater flows through the cells

I
(figures 10a through 10d). ileductions were small and inconsistent.

Soluble phosphorus typically increased within the cells (figures lla
[]

through lld). However, redu(tions in both total and soluble phosphorus

consistently occurred in cell 3 during each dye study conducted after I

subsurface flow was reestabl_shed in mid-June 1989.

!
Dissolved Oxygen

Influent (primary lagoon effluent) DO varied from 0.4 to 19.1 mg/l I

(table 7). This variation probably resulted from diurnal variation in
i

algal production, water tempet'ature, sampling time, and periodical i

mechanical aeration. Supersaturated values reflect high algal con- I
m

centrations in the lagoon. Average influent DO concentrations for four

winter and summer periods beg!.nning with winter 1988 were I0, 7.3, II.7,

and 6.5 mg/l.

Seasonal levels of effluent DO for cells I (5.6, 0.4, 0.7, I

and 0.3 mE/l), 2 (6.0, 3.3, 2,9, and 0.5 rag/l), and 3 (2.6, 0.4, 1.9, i

|0.5 rag/l) were relatively lowi Sun%met effluent DO concentrations of

cells I and 3 were significantly lower than winter effluent concen- i
i

trations probably due to reduced solubility flux rates and increased

during summer. These factors a_e pa['tially ibiological reaction rates

-28- I
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I offset in cell 2 by DO produced by algae and duckweed in the open water

i areas. Effluent concentrations for each period have gradually decreased
with time with the possible exception of cell 3, After reduction of flow

I during mid-June of 1989 and continued maturity of vegetation, average DO

concentrations appear to be increasing within cell 3, along with improved

overall performance such as nitrification,

i Summer dye studies revealed that reductions in DO concentrationshave occurred within the front half of the cells (figures 12a through

i 12d). Recirculation of the effluent and cascade aeration in cell I had

a very small net effect during the September 4 through 15, 1989 dye

study. Oxygen added through was
recirculation and cascade aeration

quickly utilized within the first quarter of the cell.

!
i Hardin

TVA's monthly sampling data for each cell are presented in

i table 19. Effluent data based on flow proportioned calculation_

i for combined effluents from the two gravel cells are contained in
table 20. Data are summarized with respect to NPDES permit com-

i (table 21). Influent and effluent illustrated
pliance mass loadings

in figures 16 thcough 22 are used to compare performances of the wet-

I land cells (tables 22 and 23).

l Hydraulics

Influent flow fluctuated from 47,900 to 333,100 gpd (table 19).

I This provided a wetlands HLR of 0,0299 to 0.2439 mgd/acre (33.4 to

i 4.1 acres/mgd) for the gravel cells. The highest }{LR of 0.2439 mgd/acre
(4.1 acres/mgd) occurred in cell 1 when cell 2 was out of operation.
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High flows were related to storm events and excessive infiltration/inflow I

entering the system. Water levels in the wetland cells fluctuated signi- l
i

ficantly as attempts were made to dry sludge accumulated on the beds from

overflow of the mechanical treatment plant, protect newly planted vege- I
mB

ration, and encourage roots to grow deeper within the gravel. Also, use
i

of emergency shutoff valves rather than adjustable standpipes resulted in I

water levels being too high during rainy periods and too low during dry m
periods. All flow was routed to cell 1 during the period of March i

through May 1989 when cell 2 was being dryed and replanted. ' ' I
I

Inlet plugging, causing significant surface flow, occurred within

weeks after the system became operational, primarily due to the solids I

washout from the package plant sealinE the surface of the gravel. Under

normal baseflow conditions, surface flow occurs in the initial I00 ft of i

bed length. Hydraulic inlet cross-sectional loading rates for the i
U

monitoring period (October 1988 through October 1989) have averaged 720

and 525 _pdlft 2 for cells 1 and 2, respectively. Organic inlet I

cr3ss-sectional loading (which contributes to clogging) have averaged

0.34 and 0.30 Ib BODldaylft 2 for cells 1 and 2, respectively, m

Evnluation of NPDES Compliance I

_ry data collected by the city and TVA are _resented in

table 21. Municipal data represent the treated wastewater at the point I

of discharge to Martin's Creek while TVA data represent the treated m
wastewater that has just exited the wetlands cell before aeration of

the wastewater flow over the rotating standpipes. I
w

The use of constructed wetlands has reduced noncompliance for BOD,

TSS, and winter armmonia nitrogen and increased noncompliance foc summer I
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ammonia nitrogen and DO. Compliance with the fecal coliform limit has

I been roughly equivalent to prewetland levels; however, no chlorination
has occurred after the wetlands were placed in operation. No problems

I exist with compliance for pH either before or after wetlands.

Based on TVA data, the NPDES monthly average BOD permit limit of

I I0 mg/l was exceeded only during February through May 1989 in cell 1

and February 1989 _n cell 2. These excursions occurred with the highest

| HLR during intensive rainfall periods and without benefits of a good

I stand of vegetation. After cell 2 was back in operation, no excursions
II

beyond the permit limit have occurred, Total suspended solids

I concentrations March and 1989 in cell 1 and June 1989 in
during August

cell 2 exceeded the monthly average NPDES permit limit of 30 mg/l.

I However, each excursion occurred during the replanting period for the

i bulrushes and reeds when all flow was diverted to only one cell.
Improved performance is anticipated as vegetation matures, package

I plant upgrades are completed, and operational procedures improve.

I Total Suspended Solids
The wetland cells were extremely effective in reducing TSS.

I Wetland influent TSS were highly variable ranging from 30 to 470 mgl _

with a mean of 125 mgll (table 19). Effluent concentrations ranged

I from _ to 95 mE/l with means of 20 and I0 mg/l in cells I (condon reed)

I and 2 (bulrush), respectively, lt is believed that cell 2 had a signi-
ficantly better mean effluent concentration due to its much better stand

I of bulrush than reed in cell I. Concentrations greater than 30 mg/l were

infrequent, occurring in August 1989 in cell 1 and June 1989 in cell 2.

I Each excursion occurred during periods when all flow was diverted to
i
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only one cell. There was little difference between performance of each

cell when operations were stabilized (figures 16a and 16b). With an i
m

exception of some months the system's operations were variable, removal

of TSS did net appear to be dependent upon HLR (figures 23a and 23b). M

Lower percent removals in some months were due to very low influent

concentrat ions. W

,lFive-Day Biochemical Oxygen Demand

Both cells effectively removed BOD. Influent BOD ranged from II to

I180 mgll with a mean of 5_ mg/l (table 19). Effluent BOD ranged from I

to 38 mg/l (table 21). Concentrations were greater than I0 mg/l during 'i

|
February through May 1989 in cell 1 and in February 1989 in cell 2.

These excursions occurred during high HLR caused by intensive rain events _W

(February) and directing all flow to cell 1 while vegetation was scarce

(March through May). The performance of each cell was similar when both M

mmmm

were operational (figures 1Ta and 17b). Removal efficiencies appeared
m

to depend on HLR (figures 24a and 24b). For example, in both cells, M

lowest removals (50 to 65 percent) occurred at the highest HLR 0.125 to M
l

0.25 m_d/acre (8 to 4 acres/mgd), or while highest removals (80 to 99

percent) occurred at HLR ranging from 0.0303 to 0.I mgd/acre (33 to I0 M

acreslmgd). Three months of relatively low removals (65 to 75 percent)

occurred with extremely low influent concentrations. This indicates that M

effluent concentrations will be consistently low (less than 20 mK/1) at

i
HLR of 0.I mgd/acre (I0 acres/mgd) or less.

Influent soluble BOD ranged from II to 67 percent of total BOD M
i

while effluent soluble BOD ranged from 57 to I00 percent of total BOD.

again substantiates the fact that most suspended BOD is filtered {
This
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I
I and settled out as wastewater moves through the wetland cells. However,

bacterial metabolism was also an important removal process because

I influent soluble BOD was significantly reduced in each wetland cell.

Average removals for cells 1 and 2 were 61 and 44 percent, respectively

I (tables 22 and 23). This occurred when vegetation did not play a

I practical role.

i NitrogenTotal nitrogen removal (tables 22 and 23) averaged 47 and 52

I percent for cells 1 and 2, respectively. Performance of cells 1 and 2

was similar during the first five months of the study period, October

I through February 1989 (figures 1ga and 18b). Percent removed
1988

remained relatively consistent with previous months while influent and

I effluent loadings increased substantially during the period when all flow

i was routed to cell I in order to replant cell 2 (March through May
1989). Upon returning to operation, cell 2 outperfoz_ed cell I. During

t

I this period, much of the flow in cell 1 was surface flow due to clogging

from solids washed out of the existing treatment plant. Drying and

I replanting rejuvenated cell 2, resulting in predominately subsurface flow

and improved performance. Performance of cell 1 also improved substan-

I tially after drying the surface sludge and replanting (mid-August through

I mid-September). Removals during this initial monitoring period varied
widely regardless of the loading rate.

I organic nitrogen was relatively high (table 22 and 23),
Removal of

averaging 85 and 82 percent for cells 1 and 2, respectively. Both cells

I usually performed similarly (figures 19a and 19b). Effluent concentra-

i tions were relatively constant even though influent concentrations varied
largely (table 19).
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IAmmonia nitrogen reduction was very low, averaging only 6 and

3 percent for cells 1 and 2, respectively, based on influent ammonia
m

nitrogen loadings. Since these values do not consider the organic

nitrogen converted to ammonia nitrogen within the cells, actual reduction I

percentages are higher, but desired level of nitrification is still

!severely limited. The probable limiting factor ts again DO which was

tlrpically less than 1 mg/l in the effluents. After cell 2 was replanted,
m

it consistently outperformed cell 1 (figures 20a and 20b), possibly indi- J

eating that the more dense vegetation in cell 2 was indeed increasing I
M

desired oxygen to the nitrifiers or cell 2 had time to rejuvenate while

out of operation. I

Fecal Coliform I

Influent fecal coliform bacteria ranged from 30,000 to 500,000

colonies/100 ml, with a geometric mean of 176,000 colonies/100 ml I

(table 19). Fecal coliform bacteria removals in the wetland cells were

very high for each cell, averaging more than 99 percent. Geometric means I

for effluent fecal coliform bacteria were 1200 and 260 colonies/lO0 ml I
i

for cells 1 and 2, respectively. Overall, cell 2 removed more bacteria

than cell 1 because cell 2 had more dense vegetation, and did not experi- I

ence as high HLR as cell I. Even though removals were very high, the

effluent counts still routinely exceeded 200 colonies/100 ml, the NPDES I

monthly permit limit. I

Phosphorus
mm

Total phosphorus removal in cells 1 and 2 were similar. Total I

phosphorus influent concentrations ranged from 0.6 to 11.8 mg/l

|
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i (table 19). Influent loadings were less during the summer months. _

i For both cells, percent removal was not affected by the HLR.
Moderate removal of phospho[_s occurred within the wetlands

I (tables 22 and 23). Removals averaged 55 and 47 percent in cells 1

and 2, respectively. Each cell performed similarly until all flow was

I diverted to cell 1 (figures 21a and 21b). After flow to both cells was

reinitiated, the performance of each is again becoming similar.

I Generally, most phosphorus was soluble. Removal of soluble

I phosphorus was in the same range as that for total phosphorus, averaging
48 and 53 percent for cells 1 and 2, respectively. This indicates that

i chemical and/or biological removal mechanisms in addition
are important

to the physical processes of filtration and sedimentation. Each cell

l performed similarly (figures 22a and 22b).

i Dissolved Oxygen

Influent DO loadings were higher during the colder months, November

J 1988 through March 1989 (tables 22 and 23) for two of the months in

I cell I and only one month for cell 2. Except for the initial operation
period, DO was depleted to less than 1 mg/l in both cells (table 19),

l which limited nitrification.

I Pembroke

I monthly are presented 24. Effluent
TVA's concentrations in table

data are summarized with respect to NPDES permit compliance in table 25.

l Performance within each cell is summarized by using dye study results

i (table 26). Concentration of each parameter as the wastewater moves
through the system is presented in figures 25 through 30.
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_ydraulics I
Influent flew fluctuated from 40,000 to 170,000 gpd, averaging

76,000 gpd (table 24). This provided HLR of 0.0420 to 0.1923 mgd/acre --l

(23.8 to 5.2 acres/mgd) for the two surface flow marshes. High flows
i

were related to storm events and excessive infiltration/inflow entering I

the system. Due to the significant seepage in the pond and evapo- i
J

transpiration, effluent flows continued to be much lower than influent

flows, averaging only 24,000 gpd. Assuming effluent flow equals meadow I

influent flow, HLR was determined to range from 0.0036 to 0.2041 mgd/acre

(275.0 to 4.q acres/mgd) in the meadow. I

A dye study was conducted during March 19 through 23, 1989, to

!
determine the performance within the system and the permeability in the

used pond (pond 'B'). The study revealed that the flow traveled through l
am

the bulrush marsh B1 (68.7 hours), which contained more dense vegetation,

much slower than the cattail marsh B2 (54.6 hours). The detention time I

in the pond was only 22 hours, indicating short circuiting. In the
am

meadow, most of the wastewater traveled along the left (east) side of l

the cell. I
The permeability of the pond's clay liner determined from

hydrologic information obtained during the dye study was substantially l

less than the calculated permeability derived before attempting to repair

the leaking ponds. Therefore, concentrations instead of mass loadings I

are used to discuss the perfozmmnce of the system, j
II

Evaluation of NPDES Compliance
mm

Summary data collected by the city and TVA are presented in I

table 25. Municipal data represent treated wastewater from the package

|
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I plant including chlorination at the point of discharge prior to con-

I strutted wetlands operatii_n. The city discontinued collecting NPDES
compliance data once wastewater was routed to the constructed wetlands.

I The constructed wetland system substantially reduced noncompliance

for BOD, TSS, and ammonia nitrogen and increased noncompliance for fecal

I coliforms and DO. No problems exist with compliance for pH either before

i or after wetlands.Biochemical oxygen demand concentrations did not exceed the

I permit limit of I0 mg/l except in March and June 1989 which were

immediately before and after planting the meadow and reflect effluent

I quality without significant vegetation in the meadow. No TSS non-

compliances have occurred since the wetlands system became operational.

I Also, no noncompliances for winter ammonia nitrogen have occurred, but

i three (June, September, and October) of the six summer months exceeded
the ammonia nitrogen summer limit of 4 mg/l.

I High an_onia nitrogen concentrations in September and October are

believed to be related to low DO concentrations. Dissolved oxygen

I concentrations were less than the permit limit of 7 mg/l during June,

August, September, and October 1989. Fecal coliforms exceeded the permit

I limit of 200 colonies per I00 ml in ali samples except one (February

I . 1989); however, chlorination has not been used since the wetlands became
operable.

I Overall, constructed wetlands is very
performance at the Pembroke

encouraging. Perfot_aance should improve for all parameters as vegetation

I matures and other changes are made. A factor' that could negate the posi-

I tire effects of a maturing system is the high solids discharged from the
package plant (see the following section). Also, additional treatment
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after wetlands may be needed to consistently meet fecal coliform and DO I

limits during summer; however, these facilities are typically reliable

B
and relatively inexpensive,

Total Suspended Solids I

M

Wetlands were extremely effective and consistent in reducing TSS, l
l

Wetland influent TSS were highly variable ranging from 42 to 170 mg/l

with a mean of 92 mg/l, The mean effluent concentration was 8 mg/l and i

the maximum value was only 17 mg/l. Average removal was 91 percent.
mm

Most solids were removed within the marshes. The cattail marsh I

(Bl) produced slightly better effluent concentrations than the bulrush

|
marsh (B2), averaging 22 and 15 mg/l, respectively. Most suspended

solids were removed in the first half of the marshes (figure 25). The i
l

pond effluent concentration slightly increased from the marshes effluent,

probably due to algae and duckweed produced in the pond. The meadow I

perfotnned as a polishing system removing suspended solids as the
i

wastewater traveled through it. J

High influent concentrations due to poor performance of the package R

treatment plant represent, a potential problem for the wetlands system.

Solids are rapidly removed in the marshes, but the marshes are also being l

prematurely filled, and long-ter_n degradation of the organic portion of

the solids places an added burden upon the marshes. Future monitoring l

will determine the overall impact of solids on the performance of the

system, i

Five-Day Biochemical Oxygen Demand l

{

Like TSS, the system effectively reduced BOD (table 24), Influent i

m
(contact stabilization package plant effluent) BOD ranged from 22 to
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I 130 mg/l with a 67 mgll mean, Effluent BOD concentrations ranged from

i 2 to 2_ mgll, averaging 9 mgll. Average removal was 86 percent.
Most BOD is removed within the marshes. Mean effluent concentra-

I tions for marsh B1 and B2 were 15 and 9 mg/l, respectively, resulting in

removal efficiencies of 71 and 83 percent. Similar to the TSS removal,

! ,the cattail cell (marsh Bl) provided better BOD treatment. Visually, the

cattail marsh had more dense vegetation than the bulrush marsh, thus

I probably providing better filtration of solids.

U Soluble BOD was analyzed only during the first four months

(table 24). Soluble BOD ranged from 20 to 50 percent of total BOD in

I and 17 to 50 percent in the effluent, indicating that most
the influent

BOD in domestic wastewater is usually suspended. Average removal was

I 88 percent.

i Influent BOD concentration during the dye study was much lower _
than the monthly mean. Total BOD concentrations increased in the first

!I quarter (probably due to degradation of settled sludge in the inlet

area), drastically dropped in the second quarter, and remained rela-

i tively constant through the rest of the marsh, pond, and meadow

(figure 26). The largest portion of soluble BOD was removed in the

i marshes. Very little removal occurred in the pond. Concentrations were

I slightly reduced in the meadow (which had very little vegetation at the
time of the dye study). Performance of each marsh was similar for

I soluble BOD removal.

J NitroKen

Total nitrogen removal was relatively good, averaging 81 per-

i cent. Total nitrogen influent concentrations varied from about 14 to
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97 mg/l having a mean of 31 mg/l while meadow effluent concentrations i

only varied from 2,5 to 13 mg/l having a mean of 6,3 mg/l. Most of the

|
reduction occurred in the marshes. Marsh B1 removed 53 percent and marsh

B2 removed 48 percent, There was little difference in monthly perfo_i- I

ance of the two,

The dye study confirmed the above findings, but the study also I

revealed that removal was still occurring at the end of the marshes
m

(figure 27). Flow through the pond vesulted in a slight increase I

followed by continued removal in the meadow.
J

The composition of total nitrogen entering the wetland system is

Idependent on performance of the package treatment plant. In five of nine

monthly samples, ammonia nitrogen was the predominant form while organic
lm

nitrogen was predominant the other four months, l

Organic nitrogen reduction was relatively high, averaging 90 per- i

i
cent. Effluent concentrations for both the marshes and meadow varied

little. Practically, all reduction occurred in the marshes, where l

effluent concentrations averaged 2.7 and 3.6 mg/l for marsh B1 and B2,

respectively. Average meadow effluent concentration was 1.8 mg/l. I

During the dye study, organic nitrogen concentration in the
m

wetlands influent was relatively low (7 mg/l). The marshes reduced the I

concentrations to 3.2 mg/l in marsh B1 and 2.3 mg/l in marsh B2, but i

concentrations increased in both the pond and meadow, resulting in a

final effluent value of 5.9 mg/l (figure 28). The increases may have I

been related to the production of algae and duckweed in the pond and
ii

meadow (which had very little vegetation during this period). I

I
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I
I Ammonia nitrogen removal was also relatively high, averaging

I 73 percent (neglecting production from removal of organic n].trogen),
II

Monthly effluent concentrations ranged from 0,2 to 12,0 mg/i,

I Concentrations during the winter NPDES period were below the limit,

I0 mg/l, but concentrations during June, September, and October exceeded

i the NPDES permit limit of 4 mg/l. During September and october 1989,

ammonia concentrations in the marqh effluents were high, and DO

I concentrations were significantly lower in the meadow effluent than

I previous months (table 24), indicating that low DO may be limiting
nitrification.

I Dye study during ammonia nitrogq_n
results March 1989 revealed that

increased from I0 to 18 mg/l in the first quarter and gradually decreased

I to 2 mg/l as the wastewater moved through the system (figure 29). All

I Components reduced ammonia n_trogen,

Fecal Coliform

i Fecal coliform bacteria were effectively removed in the wetland

I system, The wetland influent fecal coliform values were relatively
high varying from 6,100 to 740,000 colonles/lO0 ml (table 24). Influ-

I ent and effluent geometric means were 166,000 and 266 colonies/lO0 ml,

respectively.

I Dye study results revealed that most of the fecal coliform bacteria

were being removed within the first quarter of the marshes (figure 30);
i

however, the bacteria continued to gradually decrease as the wastewater

I moved through the rest of the system.

!
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Phosphorus I

Average phosphorus remc,val was 47 percent (from 6,0 to 3,2 m_/l), B
m

Total phosphorus influent an( effluent concentrations fluctuated from

1,9 to 8,6 mg/l and I,I to 6 1 rag/l, respectively, There was little

difference in perfoz_ance be!i_ween the two marshes, Most phosphorus was

|soluble in both influent and _effluent. Average reductions in soluble

phosphorus was 57 percent,

!During the dye study, 64 percent of influent total phosphorus

was soluble. Both total and soluble phosphorus increased in the first E
U

quarter of the marshes (probably due to degradation of settled sludge in
am=

the inlet area) but graduallLy decreased as the wastewater continued to I

travel through the marshes. In the pond, total phosphorus increased
mm

while dissolved phosphorus decreased, Total phosphorus (I00 percent I

soluble) decreased in the meadow, resulting in a very small net removal l
E

for the system. Soluble phosphorus increased in the first quarter of the

meadow and decreased at the effluent. There was a net system increase of I

52 percent for soluble phosphorus,

Dissolved OxyKe n I

Influent DO concent1_:ations were relatively low, averaging 1,8 mg/l. Iu

Monthly effluent DO in the marshes was less than 1 mg/l except for

IOctober. Effluent DO concentrations in the meadow were relatively high

in winter and low in summer. m

During the March 1989 dye study, DO increased from 2.3 mg/l at B

the influent to 4,8 and 4.3 mg/l at the end of marsh B1 and B2, teepee- I
m

tlvely. DO decreased at the end of the pond (1.7 mg/l) and rapidly

as the wastewater traveled through the meadow (6./1 mg/l), mincreased
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CONCLUSIONS

!
Based on monitoring results, system operation and field observa-

i tions for the demonstration period to date, conclusions are presented
below for compliance, perfo[_ance, and design, construction and operation
factors,

i Compliance

i Constructed wetlands can provide consistent compliance for typical
secondary and advanced level permit limits for BOD, TSS, and pH over a

wide range of loading rates,

U To achieve consistent compliance for ammonia nitrogen, aeration may beneeded to provide adequate DO for nitrification after carbonaceous BOD
demand has been reduced.

i For consistent compliance for fecal coliform, DO, and phosphorus,
system

configuration and design variables must be carefully selected considering

reaction kinetics. Compliance for fecal coliform and DO may be more

I efficiently achieved with supplemental unit operations following
constructed wetlands.

i Performance

Measured detention times in surface flow cells were shorter than theo-

l retical detention times. Similar results occurred for gravel cells whena large portion of the flow was surface flow; however, upon reestab-

lishing subsurface flow, measured detention times approached theoretical
times.

I Ali three systems effectively removed TSS and BOD. Concentrations

exceeded the monthly average NPDES permit limit only during initial

i operation when vegetation was still very sparse and water levels werenot stabilized. Dye studies indicated that TSS and BOD were removed

in the first half of the marshes,

I During system maturation, there is nominal change in BOD and TSS removal 'effectiveness.

i Ammonification reduced organic nitrogen in all three systems. Nitrifi-cation occurred in each system but was limited by available DO. Ammonia

nitrogen concentrations frequently violated NPDES permit limits.

I Nitrification is beginning to improve in cell 3 (subsurface cell) atBenton due to a combination of factors including vegetation maturation

and decreased hydraulic loading.

I Denitrification readily occurred in each system. Nitrate-nitrite
nitrogen concentrations were typically ].ess than 0.5 mg/l.
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I
Ali three systems, surface flow and subsurface flow cells, effectively 1
reduced fecal coliform without effluent disinfection. However effluent 1
values were frequently higher than the lePDES permit limit. Plug flow
studies at Benton indicated random variability in the dat_ that may j

be due to TSS and wildlife that inhabit the wetlands. Supplemental l
effluent disinfection is necessary to consistently meet NPDES limits

at these three sites. ................... li
lEffluent DO from the constructed wetlands cells is usually low, less

than I m_/l. Most oxygen depletion occurs in the first half of the

cells, where most carbonaceous BOD reduction occurs. Although the 1
low BOD effluent reaerates very easily, passive or mechanical reaeration l
will be necessary to meet most effluent DO limits.

overall performance is anticipated as vegetation continues to 1Improved

mature, operational procedures improve, and package plant upgrades are Ie

completed (Hardin).
la

The diked _aardtmod storage area of Hardin has been used to effectively 1
manage excessive storm flows, eliminating sewage bypass to the stream.

Loadin¢ Rates I

Effective suspended pollutants removal will occur even at high hydrau- 1
lie and organic loading rates. Retovals of ?0 percent or greater 1

occurred in the front half of the cells at HtR as high as 0.14 m_d/acre .

(7 acres/_d). I
Short circuitinH of both surface and subsurface flow systems and plugging
of subsurface flow substrates can be caused by high inlet hydraulic and ma

O_anic loading ra_es. 1

Preliminary conservative inlet hydraulic and organic loading rates for

minimizin_ surface flow in gt-avel substrates are 200 _d/ft_2 and 0.05 1
lb BOD/frg, respectively; a higher rate for one may require a lower I
rate for the other.

The first order kinetics k value for soluble BOD was significantly higher 1
at Benton (3.?6/day) than those reported in the literature.

syst I

Surface flow cells are more adaptable and cost-effective for handling SS
high levels of suspended pollutants. However, high solids concentrations l
can rapidly fill inlet areas and should be removed prior to wetland cells
unless the cells are specifically designed as "'roughing" wetlands and

sludge manageme.,t and composting units. 1
Both surface and subsurface flow substrata ty_e systems are effective

for BOD and TSS; however, subsurface flow gravel cells are more effective 1
on a u_it baSiS even when s_JBP_i.lly _1_...a- ---oo--" 1
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In surface flow cells, natural reaeration is limited by laminar flow

I and dense vegetation; therefore, available DO is inadequate for highnitrification at demonstration loading rates.

I Solids (includin_ plant detritus) which accumulated in both types ofsystems increase oxygen demands and may adversely affect the systems'
ability to nitrify.

I Bed Length and Length:Width Ratio

I With surface HLR of less than 0.I mgd/acre (I0 acres/mgd), bedlengths for BOD and TSS loadings were conservative for all three projects

since most removal occurred in the first quarter to half of the cell

I lengths
Even with long and narrow surface flow cells, short circuiting can still

he significant due to poor inlet flow distribution, uneven lateral slopes

I and elevations of the cell bed (caused by poor coustmaction grading),nonuniform vegetation density, and solids and plant detritus deposition.

I & bad length to width ratio criterion for gravel systems fsinappropriate since it neglects hydraulic concepts. Gravel cell design
needs to be based on Darcy's law (or other appropriate hydraulic

I concepts) Which relates flow to hydraulic conductivity of the subs%rate,
hydraulic slope and the area of the cell cross-section, resulting in uo
standard length to width ratio.

I Hydraulic Conductivity

I Initial permeability of gravel cells is high. However, permeabilitywill decrease with time due to solids deposition, root biomass, and

microbiota. [)asian should be based on relatively low long range values
and lotmr organic loading for inlet a_eas.

I Darcy's law, which incorporates hydraulic conductivity, is applicable
for ;ubsurface flow cells having peL_Nable 8ravel substrates.

I /_'ter 21 mouths of oper_tion the hydraulic conductivity of the Benton
subsurface flow gravel cell ranged from 16,000 ft/day to 53,000 ft/day

i between to 25 and 75 percentile cell lengths. This is significantlygreater than Dr. Kickuth's estimated long range 850 ft/day. A

representative inlet value should be obtainod from 1990 studies.

I Construction

I Construction is relatively simple but is critical toward the constructedwetlands performance.

Grading tolerances for the bottom of cells and top of gravel need to be
within 0.I ft to minimize short circultin_ and asguve -n___f-_ __

depth_ for vegetation management.
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l
Substrates

mm

Gravel or other porous substrate in subsurface flow systems can become I
clogged as the result of high inlet organic loadings or high influent

solids concentrations. Substrate clogging can be reduced or eliminated ma

by restricting inlet loading rates (see preliminary rates identified

above) and reducing excessive influent solids, I

Vegetation I

More information is needed for optimal plant management.

|Although it may not be practical for most sites, vegetation should

ideally have at least one growing season before receiving sustained

loading. I
Vegetation species do not appear to be a significant factor in overall

performance under the loading conditions to date for surface flow cells. Imm

(The current status of vegetation in gravel cells precludes this type of
evaluation. ) m

Species probably will be important to treat soluble pollutants so that nl
surface aroa is maximized for bacteria colonization in surface flow |
systems and maximum oxygen is transferred to the root zone of subsurface

systems.
m

Emergent vegetation such as cattail, bulrush, and reed establish m

and spread quickly under ideal conditions related to season and water

depth (i.e., plant early spring to midfall; maintain 1 to 2 inches water
depth above top of substrate, never topping stems of young plants). |
Cattails, bulrush, and reeds are surviving and spreading in high solids umm

deposition areas but probably not nearly as good as in low solids areas. I

Cattails and woolgrass do not appear to be appropriate choices for deep

water depths (greater than 12 to 18 inches). Q
I#

Vegetation root depth in the substrate of subsurface flow cells is still

very limited (less than 3 inches in the Benton gravel cell after two

growing seasons), probably due to species and age, water levels, nutrient n
supply, substrate characteristics, and redox conditions. W

Reed canary grass is difficult to establish by seeding without being able ea
to carefully control the moisture condition of the substrate. |
Species that spread by rhizomes and roots are better for surface flow

systems since they spread quickly and do not require water level n
manipulation to germinate seeds. g

I =
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i Some vegetation species such as woolgrass have not spread and have even

decreased in the surface flow cells, probably due to high water levels

for the specific species and not creatine the necessary seed germination

I condition.

Local natural wetlands vegetation will also establish in constructed

i wetlands, providing a variety of vegetation.

I Operatiou
When a constructed wetlands is designed to treat the discharge of a

poorly pecfot_nlng package treatment plant as at Pembroke and Hardin,

I solids will accumulate at the front of the wetland cells. The solidscontribute additional long-term pollutant loads (due to resolubilization)

that must be removed within the wetland system. The solids will clog the

lj gravel cells as at Hardin where surface flow occurs in the front quarterof the cells. The net effect is a significant reduction in both effec-

tiveness and the life of the cell. Planning, design, and operation of

a system must recognize and avoid these potential problems.

II Due to poor operation and design of the Hardin hardwood storage area,

water remained in the storage area for several months resulting in death

]_ of several hardwoods.

Controlling the water level in the wetland cells is critical for proper

i vegetation management. At Hardin, water level adjustment by using
emergency shutoff valves rather than adjustable standpipes contributed

to poor vegetation establishment due to too high water levels during

stozm_y periods and too low water levels during dry periods. Practical

l use of standpipes require easy access or simple mechanical methods foradjustments.

l Water levels should be kept very shallow in surface flow systems until
plants begin rapid growth and spreading. Depths should never exceed the

plant stems.

I Water depths in excess of 12 to 18 inches are inappropriate for woolgrassand cattails.

l , Maintaining water depths 1 to 2 inches above the top of gravel cellshelps quickly establish transplants. Solar heating of gravel can stress

and kill young plants when water levels are below the gravel surface.

! Lowering water depths in gravel cells to stimulate vertical root growth

throughout the substrate depth is a suggested procedure; but specific

implementation guidelines need to be developed, and effectiveness of

l the procedure needs to be determined.

Mosquitoes must be controlled in surface flow systems. Larvicide

i Bacillus sphaericus have been tested and found to be very effective.

I -47-
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PLANNED ACTIVITIES i

The following modifications and activities are planned for 1990 at

the three constructed wetlands based on review by the interagency team

guiding the demonstration project:

!Postpone monthly monitoring and seasonal dye studies at all three systems

while modifications are being implemented and vegetation is maturing.

Benton I

Continue using the cascade/aeration apparatus constructed for cell I.
Increase recirculation in cell 1 from a I:I to a 5:1 ratio. D

Design and install orifices at the influent oi cells I and 3 to stabilize II
influent flow. Route excess flow to cell 2. |
Decrease water levels in cells 1 and 2 to prevent plant stress and allow

quicker,recovery from muskrat depredation, i

Once DO reaches 2 mg/l in cell 1 effluent conduct dye studies to evaluate

nitrification, l
Evaluate clogging in cell 3.

!Hardin

Continue to assist operators in improving system performancer l
lm

Obtain cost estimate on designing and installing orifices at the influent

of both cells and diverting excess flow to the existing pond (borrow mm
pit). |

Pembroke i

Repair sinkhole in the unused pond.

Design and install orifices to stabilize influent flow and route excess I

flow to the unused gravel marsh system.

If funds are adequate, conduct dye study to obtain more information on I

k-rates or collect influent/effluent monthly samples during July, August, l

and September.

Determine modifications necessary to allow the meadow to function in l
an overland flow mode.

!
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Table 2. Benton, Kentucky, Constructed Wetland Sewage Treatment System,

Gravel and Surface Marshes
m

m

Design Flow: 0.048 m3/s (I,000,000 gPd) average I

Pretreatment: Sedimentation and biochemical oxidation

in 6.5 ha (16-acre) primary lagoon I

Marsh: Secondary lagoon converted to three parallel

cells, I, 2, and 3 I
l

Application rate--292 ha per m3/s (I0 acres per mgd)

Total surface area--4.4 ha (10,8 acres), 3 cells equal size I

Length/width ratio--7.6:l each cell

Slope--O.l% I

Liner--3.0 to 4_6 m (I0-15 ft) in-situ impevmeable clay l

Cell 1 Cell 2 Cell 3
i

Vegetation T_x2ha, Iri____ss, Scir_us Scir1_us I
SaKittaria, c_xperinus validus

Water depth 0 to 0.5 m 0 to 0.5 m -0.6 to +0.5 m I
(0 to 1.5 ft) (0 to 1.5 ft) (-2.0 to +1.5 ft)

Substrate native soil native soil 46 cm (18 in _) base l
of 1.9-2.5 em

(3/4"-1")

limestone, and I15 cm (6 in) cap
of 3/8" - 3/4"

Iimestone
W

Posttreatment: Chlorination I

!

!
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Table 4. Hardin, KentUcky, ConstrUcted Wetland Sewage Treatment System, i

Gravel-Marshes |

Design Flow: 0,0044 m3/s (I00,000 gpd) i
I

Pretreatment: Comminution; aeration

Marsh= Two parallel gravel marsh cells B

Application rate--146 ha per m3/s (15.8 acres per mgd)
m

Total surface area--0.64 ha (1.58 acres), 2 cells equal size i

Length/wldth ratio--6,6:l each cell i
l

Slope--bottom 0.2%

top 0.0% n
Vegetation--Ph__hra___mitesaustralis (cell I)

Scirpus validus (cell 2)
sm

Liner--15 cm (6 in,) compacted clay R

Water depth--+0.3 to -0.6 m (+I.0 to -.2.0 ft)
i

Substrate--0.6 m (2.0 ft) of 1/2 inch crushed limestone

and river gravel B
i

Hardwood Storage Facility: storage for excess inflow/infiltratlon

Capacity--5678 m3 (1.5 million gallons) i

Surface area--0.6 ha (1.5 acres)
m

Vegetation--Existing trees and planted Quercus

Water depth--0.9 m (3 ft) max

|

Posttreatment: Chlorination and/or aeration added if necessary. I

I
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Table 6, Pembroke, Kentucky, Constructed Wetlat_d Sewage Treatment System,
Marsh. Potld-!Meadow

Design Flow', 0,0039 m3/s (90,000 gpd)

Pretreatment : Conmdtiut Ion ; anral.ton n
Marsh:. Two paral.le_ systems, A and B, 2 cells each system |

Appllcatlon !rate--I85 ha per m3/s (20 acres per mgd)
Total surface area-.-O,7 ha (1,8 acres), cells equal size

Length/wldth ratlo--8,2:1 each cell I

Slope--.0,1% m

System A S_.vstem B I
J

Substrate 0,6 m (2,0 ft) sized Native topsoil
ilinestone

Liner 15 cm (6 in,) com- Native clay under I
paoted native clay bed m

Water depth -0,6 to +0,5 m 3 to 15 cm

(-2,0 to +1,5 ft) (0,I to 0,5 ft) mm

Vegetation Cell l--T__ha_ Cell l--Sclrpus |
latifolla validl!s

Cell 2....Scirpus Cell 2-Phra_mites

va].idus australis l

Pond: Two parallel cells, for Marsh A and Marsh B,

total volume--913/ m 3 (2,414 MG)

|
Total area ....4249 m 2 (1,05 acres)

Liner--compacted native clay

Depth--2,_ m (8,0 ft)
Vegetation--Duckweed, al_ae g

Meadow: Two parallel systems, A and B_ 1 cell each system
Application rate--92 ha per m _/s (I0 acres per mgd) m
Total surface area--0,35 ha (0,87 acres), cells equal size

Length/width ratlo--5,3:l, Slope--0,1%
mm

System A System B B

Substrate 0.6 m (2,0 ft) Native topsoil

sized limestone ILiner 15 am (6 in,) None

_.'_,,,_pacted clay

Water depth -0,6 to +.2 m 0 to 15 cm
(-2,0 to +0,75 ft) (0,0 to 0,5 ft) |

VeBetatlon Phalaris a_ndinaeea Phalaris atn/ndinacea

!
Posttreatment.: Chlorination and/or aeration added if necessary,
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I Table 20. TVA Total Constructed Wetland System Performance, Hardin, Kentucky
DATE pH D,O. F. COLI TSS BOD5 DIS TOT P DIS P NH3-N NO3-NO2 ORGANIC TKN TN

I BOD5 N

ms/! #/lOOml,mg/l mg/l m8/l mg/l mg/l mg/1 mg_l mg/l ms/l mg/l

10125188 7,2 2,8 3 7.0 1 0 1 0 0.1 0,1 0,5 3.25 0.3 0,8 4 O0
11/29/88 7,7 2.9 945 3,1 5 6 3 5 1.6 0.8 6,3 0,33 3,7 4,5 4 80

12/13188 7,6 0,8 405 1.0 4 5 3 5 3.2 0.4 7,0 0,31 1.8 8,8 9 13

01124/89 7,5 0.7 845 2,4 4 0 2 6 1,0 0.3 5.3 0.32 0,9 6,2 6 52
02/22/89 7.1 2,1 930 2.5 12 0 8 5 1,8 0.9 3.7 0,49 ,0,5 4,2 4 69
0312818_ 7.3 0.4 25000 78_0 14 0 13 0 3,1 3,0 11.5 0.01 1,3 13.0 13 01
04/26/89 7.0 0,1 7800 14,0 38 0 2.4 17.0 0.02 1,9 18.9 18 92
05124189 7.0 0,4 6800 8,0 24 0 3.5 22.0 0,01 0.5 22.5 22 51

I 06127189 6,9 0,5 6319 34,8 5 0 2,7 10,3 0,02 0,8 11,1 11 16

07125/89 6,8 0,2 1200 8,5 3 9 1,8 9.3 0,01 7,7 17.0 17 01
08115189 6,8 0,5 1159 57,0 3 7 2.3 9,5 0',04 1,2 10.6 10 64
09/20/89 7.0 0,2 730 11,0 3 8 1,2 15.6 0,07 0,6 16,2 16 31
10124/89 7.3 0.3 768 2,7 4 5 1.8 10,9 0.04 1,1 12,3 12 35

i AVERAGES*
OVERALL 7.1 0,91 1146 17,7 9.5 5.3 2,0 0,9 9.9 0,38 1,7 11,2 11.61
10/88 7.2 0.75 3 18,5 10.3 6,2 2,2 1.1 10.7 0,14 1,8 12,1 12,25
11188-04/89 7,4 0.56 1971 20,0 10,7 6,9 2.2 1.2 11.1 0.12 1,7 12,8 12,93

05189-10189 7,0 0.57 1795 21,5 11.1 7.3 2.1 1.3 11.4 0,13 1.7 13,0 13,15

I * pH - median values and fecal coliform - 8eometrLc values

mean

I
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Table 25. Evaluation of NPDES Compliance_ Pembroke, Kentucky

I Municipal

Before Wetlands Operations a

l (Nov 86 to Oct 87)Samples

Not MeetinK

Monthly Ave Limit

I Parameter NPDES Limit Mi___nn No____._
Ave Ma____x

. BOD5, mg/l I0 50 85 14 i0/I0 I00

TSS, mg/l 30 81 132 32 I0/I0 I00

NH 3-N ,mg/1
May-Oct 4 25 25.9 21,7 6/6 I00

i Nov-Apt I0 12 21 3 3/6 50
FC, #/I00 mlc 200 4d 342 1 I/I0 I0

pH, units 6-9 7.3e 7.5 6.8 0/i0 0

i DO, mg/l >7 8.2 12 4.0 I/I0 I0

i TVA Data (Feb 89 tO Oct 89)

Meadow Effluent f

Not MeetinK

Monthly Ave Limit

I Parameter NPDES Limit Av___ee Ma___xx Mi___nn No. b

BOD5, mg/l 10 10 24 2 2/7 29

I TSS, mg/l 30 8 17 2 0/7 0NH3-N, mg/l
May-Oct 4 4.6 12 0.6 3/5 60

Nov-Apt I0 3.3 4.5 2.0 0/2 0

I FC, #/I00 mlg 200 392d 5800 40 6/7 86pH, units 6-9 7.6e 8.8 7.3 0/7 0

DO, m_/1 _7 6.7 14.9 0.6 4/7 57

' a Measured at point of discharge

b Number of samples not meeting limit/total samples
c Most Probable Number Technique 11/86 - 10/87

I d Geometric Meane Median

f Measured at end of meadow (excluding Dec 88 and Jan 89 data

collected from the pond)

I Membrane Filter Technique 12/88 - 10/89
g.
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Figure 2, Hardin, Kentucky, Constructed Wetland Sewage Treatment

System, Gravel Marshes i

-_5- '_

|





4C |

"_- |
E

.o |
I0

o 1 i -- IINP" _ A _ • IIOVV 0

i

q 8 -4 qkl_NM_ll_or I O,, 1 go0 _ OG_bor 1. I SaS B

U

" n
10

0

" I8

4,

BRT "_ T

iNF _ A _ • lqOW C _ |

gE
Figures 4a. - 4d. _nenton, Kentucky, Dye Study Results of

Total Suspended Solids I-87--



I

U 'IS 4 ._n,,.4_,omq_.,Hu,11II_l. tgll• _ ALAgUOl, neT. IOml
14B

'IU

| '"
la

•• _
7 ,

I • _ , •

INF ROW A IqOW I ROW 0

i _llldr_o q I I. Ig•S -- _Uo'_o II_,. IglO

a4
=,, 5b.
_0

Iio

116

114

_ .o18

14

I lE '
4O e

• _ ___• -- lm

,4 --

I O -' ,

I 14 -- lll0,1eamrlll_r4o I•II -- Oollm41omllDor II, llll

, 5c

111 --

:1 44
_ 40 --D --

Ig ° _

I :8 '4

INF ROW A Imll_V ii ROW 0

Iear

imo

| _ '"
4•

14

10

I IN_ I_OW A MOW • I_OW O IEl_l"

b,,oe e41on
ICI Coil I -4.. Ooll • el_ 0011

Figures 5a. - 5d. Benton, Kentucky, Dye Study Results of

n Five-Day Biochemical Oxygen Demand-88-

I



I
I

6a. I:Ii

_o --
iii

1 ma -- I

imi --

_ •

aO -- I

14 '.d

B10 - __ • •
INF _ A _ • ROW 0

m

la ,,_ ,Juno 1lP, IOO0 -- ,,,lu,_o ma. IOOI i

I

11

,o |
E •

. !
o

. I,N,. _ A _ m M,=;,_° .I.,.

1| i_P_ble 6' |0| -- lev_lmbor 1|. III| I,7 6C.

'Ici

I11

l la

'lm -

ql -

'10 - I
• - * []

i_ _ a_Hw_om_or _O, l SII -- o._._. ,. ,o.o 6d. i

'" I
lt ,la

'- |
10 • ' ,, , I

|NF MO_V A MCI'VV • MOW 0 Il,..,I_II _I,Iqf0_
I_I (:loll I _ ID4DIII 4_ Coll .I

Figures 6a. - 6d. Benton, Kentucky, Dye Study Results of

Total Nitrogen I
-89-

I



I

U ,,J*,,¢,IPQ_ n_. Ioaa _ A4.,0gWWIL _7. IO_a'.a== - 7a.
mO --

n ""1,4. _

| --

i = ' _
INIM' MOW A ROW • I_ 0 m:l,'lr

I | _ |NHP _ 1|110 -- k_l),ql.qllrlqHr I |. IO|=
' 7c.

7 --

4

I

I 0 ,, ,oN,," MO__,A Mow • _.._.. o .,'.,-

I ' I I -- •ol_qlom_r I •, I lD== -- 04_lP_r I, I •III

,; - 7d.

| _ -'7

i "= "i

I "3=
I

0

U v i v

INP" MOW A MOW m MOW 0 m.p._-

O011 '_ *4" Oell 2 .¢I. OQI!

'n Figures 7a. - 7d. Benton, Kentucky, Dye Study Results of
Organic Nitrogen
-90-

I



I

I

I

_ 10 --

"7 -- ,

0 ' , , I
INI r RCI'_V A R_ I _ e 113_ir IlE3 l_OII "1 -li- Clotl _l _1. C_4DII

Figures 8a. - 8d. Benton, Kentucky, Dye Study Results of

Ammonia Nitrogen I-91-

1



I
o.,a _ _ 9a

!ii
I _ °.'O.OS

l O.Oa

0.07

O,OI

I 0.08

0.04

0.0.1

O.OI _.

i 0.01 : .i -- ___

O' , , , ,

IN_ _ A _ I ROW 0

I dun 1I, Illll -- I.lUl'II II. loll

O,I

9b.
0.8

I _ °--
l O.IB

I O.I

O.q

m

iiI ° ' _ i _ _
,,, . _ ,,

/

'I O,..Xa Ieli4emilee 4. I°II -- IkilI_.ember, 1G, lllI

I O,ll --

0,.26 --,
0.14. '_

O,II --

| _ o.._
0,1: --

_ 0.'1

0.14. ,

I 0,1I

0,1

000_

O,OI --

• 0,04.

I o.o. -
0

INI m" _ A _ I M 0

I 0,1 _ IkHltlmilr 1I, IIII -- Cl411_lllI_r I, IIIIo.o. - 9d.

O,OI --

I ___o.o._

0,06 --

l O,Oa

O.C_. --

I 0,0_ --
0,0_ --

I 0 , , ,

INF II_¢)W A _ I I_OW 0 ipcr

i._ Omll 1 "0" COli I _ 0¢111

Figures 9a. - 9d. Benton, Kentucky, Dye Study Results of

I Nitrate - Nitrite Nitrogen
-92-

I



I
,o • _.,,,.,. .., o... _ _._. ..7, ,... , m, ] II

g.a , ].0_/

_ a.8

! -
3 "". I

6°1
m

I - ,_ U
INR MO_ A mO_ i MOW O [_ n

m

- _ lOd .) J

j -,4.

II

_ ' _ ' ' I

INV A Iq(_V • llq_ CI

IP-'l CI.oll '1 ',4- IDell _lm _). (O._11 _1

Figures lOa. - lOd. Benton, Kentucky, Dye Study Results of

Total Phosphorus i-93-

I



I

i / litilf'li¢ll Iii iii• _ lilanil iii l•I i
llb.

•,I

q.7 m

I 8,i

1.4

I - ,I.. ,;._..ow' +, ,qow. _o_ o ii,-,,"

i • lieitllilmllill," di, I•lI• --, llOlltOmillom 1•, 1000-.- - llc.
4.0 --

', i "-, ..._......-.-"."I.• --

, ll.'k

i II.li --

• '" -- ! i
INW (Iq¢:hW A IqOW II M(_N O

i • __ Iele,_mm•em I li,, I ••ii _ Oetob_mr I, I iii•••i.• .. __..-_-_. I ld.

I J "-.-
I.• m

E 41 - !

,N_ ,,owA ,_o,_,,- ,,o_ = ,,_,,,
i,,ltl ll_Iilrl

i,,-,i OIII ¶ -i. OIII • i (_tll I

i Figures lla. - fla. Benton, Kentucky, Dye Study Results of
Dissolved Phosphorus

-94-



l
_ur_l I_0 IDDB -- _une 13, liD1 --!

tl p 1,4 12a.

ql

" |
lo

g

_ -7
" Ia

4

a

mm

0 , T |IN#m" MOW A MC_V _ MO_V O

• _ l_lemHr 4-, II|g -- lept_mbmr tl, Illl n
8 --

8

-- |
I '

0 . I 1

J
lllm

1,1 -- _t_ll_lr I le 1 III -- C_IlIW_ I, I Ill i
i1.7 --

1,6

I .I

1,4

1 .I

1

O_l

o.. 1O.I

O.-,1 --

O,R • 1
L,_a_mmn

¢= Chill I .4- _ll I e Cklll =

. Figures 12a. - 12c. DissolvedBent°n'KentuckY,oxygenDye Study Results of I

l

I
1

-95- 1

|



I
I HYDRAULIC GRADIENTS & PERMEABILITYBETWEENTRANSECTSFOR BENTON, KENTUCKY

0,6 -

I
0,5 -

I _ 0.4-

0 0.3 -
U

_ 0.2-

I. 0,1 -
I

I O II I |

INLET-A A-B B-C C-EFT

I Tmnaect

I

I _o

_ _o

I

0
I1.

0

I
-10 I l

INLET-A A-B _-C C- ".FF

I Figure 13. Benton, Kentucky, Hydraulic Gradients and
Calculated Permeabill.t ies

I ', i

-96-

I



I

-97- I

I



I
i

I
160

i 150 ' :
140

130

I , 120110
i

10

I 0 ; , i' 'l
OCTI_ NOV _ JANI_ FEB MAR N:MR MAY JUN JUt. AUG S_]P OCT

Date

I rl Cea1_ + C_l 1_

Figure 16a. Hardin, Kentucky, Total Suspended Solids Mass Loadings
of Cell I

120'

I 110
lO0

D

,
M

10

0 ..... I I I I I I

OCT88 NOV DEC JAN89 _ MAR _ MAY JUN JUt. AUG SIE:P OCT

Data

i o Cell 2 knfiuent + C4. 2 E._Figure 16b. Hardin, Kentucky, Total Suspended Solids Mass Loadings
of Cell 2

I -98-

I



I

I
110 -

100 - I
90 -

'_- i

o !m 40

,o
. !

, 0CT88 NOV DEC JANS9 FEB MAR APR MAY JUN .Jt.R. AUG SEP OCT

13 CeUllnfluent + _1_

Figure 17a. Hardin, Kentucky, Five-Day Biochemical Oxygen Demand

Mass Loadings of Cell I i110

1OO

•._ -.,_

_ _ |
Q
0
m 40

10

o ," , , , "i- t I t - IocT_ ,_ _c ._.s FEe W_ _,_ _Y JUN JUt. _ SEP OCT
Dote

D Cell 2 Intluent + Ce_l 2 Effluent B

IiFigure 17b. Hardin, Kentucky,. Five-Day Biochemical Oxygen Demand
Mass Loadings of Cell 2

-99- i

I



I
li 30 -

28 -

I 26 -
24 -

20 -

•_ 18 -

I _ 16-
14 -

| ,o
8

I °4
2

I oOCT88 NOV 0£C JAN 89 ,FEB MAR N_R MAY JUN JUL AUG SEP OCT

D_e

I 1:3 Ceil I Influent + Oell 1 Eff]u,md;

Figure 18a. Hardin, Kentucky, Total Nitrogen Mass Loadings of
Cell 1

| ,,

15

14

13

| ,,
10

v 8

I '5
2

1

i 0 l I I I' I I ,_- I I
OCT88 NOV D£C JAN89 FEB MAR APR MAY JUN JUL AUG SEP OCT

Oote
El C4dl2 anflueflt + Cell 2 Effluent

I Figure 18b. Hardin, Kentucky, Total Nitrogen Mass Loadings ofCell 2

I'= - I0O-

]



I

I
16

14

13

11

_ ,o

_ 7

g '5
0

4

2

1

o |
OCT88 NOV DEC _ 89 FEB MAR N:_ MAY JUN JUL AUG SEP OCT

Dote line

D Cell 1 Influent + Cell 1 Effluent i

Figure 19a. Hardin, Kentucky, Organic Nitrogen Mass Loadlngs of

Cell 1 I
11]
10

, !
8

V

0

U

o 3

= !
o !OCT88 NOV DEC dAN89 FEB MAR APR MAY " JUN JUl-, AUG SET' OCT

Dote
D Cell 2 Influent + 3ell 2 Effluent li

Figure 19b. Hardin, Kentucky, Organic Nitrogen Mass Loadings of |Cell 2

-i01- I

i

|



I

I 17 -

16 -

I 15 -14 -

13 -

I 12 -

| _ ,o_ 9

z 8
I
_ 7

5

4

3I ,
I oOCT88 NOV DEC JAN89 FEB MAR APR MAY gUN JUL, AUG SEP OCT

Dote

i I:Z Cell 1 Influent + Cell 1 Effluent
I

i

Figure 20a. Hardin, Kentucky, Ammonia Nitrogen Mass Loadings of
Cell I

I 11 -
10 -

| '-

I °z 6
I

I 5

3

I '
1 "i

I 0 J_ | I" I 1 i I I 1 -- I I I "
OCT88 NOV DEC JAN89 FEB UAR APR MAY _JUN JUL AUG SEP OCT

Dote
El Cell 2 Influent + Cell2 Effluent

I Figure 20b. Hardin, Kentucky, Ammonia N_trogen Mass Loadings ofCell 2

I -I02-

I
I



I
I

8] I

5
V

0 4
.¢:
o.li
o
a. 3

2

1 I
° IOCT 88 NOV DEC dAN 89 FEB MAR APR MAY dUN JUL AUO SEP OCT

Dote m

n Cell 1 Influent + Cell 1 Effluent I

Figure 2ia. Hardin, Kentucky, Total Phosphorus iMass Loading s of
Cell i

V ' 4

o I

1-

1 I
0 "' _ , = I

|OCT 88 NOV DEC JAN 89 FEB MAR APR MAY JUN JUL AUG SEP OCT

Date

13 Cell 2 Influent + Cell 2 Effluent li

IIFigure 21b. Hardin, Kentucky, Total Phosphorus Mass Loadings of
Cell 2

-103- I

|
I



I

I =

5

| _

,_ 2
o
II

| ,

_e

I l::l Cell I Influent + Cell I Effluent':

Figure 22a. Hardin, Kentucky, Disselved Phosphorus Mass Loadings of

I Cell 15

I 4

v

g 3

o

2

i
I

I I

I O ...., I
OCT 88 NOV DEC JAN 89 FEB MAR APR MAY JUN JUL AUG SEP OCT

Date

I El Cell 2 Influ_nt + Cell 2 EffluentFigure 22b. Hardin, Kentucky, Dissolved Phosphorus Mass Loadlngs of
Cell 2

I -I04-



I
100 .-, n cb 'd_ _ m_ n +n

80- . _ I
60 -

40 o , I

20 ,-

;: o- |=
" -20 -

-40 - I
-60 -

-80 - I

-100 -

,!121

-120 " w I w i" i 1 _ I , I '_' Y' I _
4 8 12 16 20 24 28 32

HLR (acre/MGD) i

0 Cell 1 + , Cell 2 i
1lm

Figure 23. l-lardirL, Kentucky, Total Suspended Solids Removal
Versus ttydrau"_l.c Loading Rate

100 - I

O + +

+ [] + I90 -
[]

° !+

D +
80 -

>

° !E
• +

70 - o

, o |
+

150.- I
D

D

[] |
50 -" _ i i w"' I i I I i --i i '-q-_ '_ - 'l" "

4 8 12 16 20 24 28 32

HLR (acre/IvIGD)

E3 Cell 1 + Cell 2

IIFigure 24. Hardin, Kentucky, Five-Day Biochemical Oxygen Demand
Removal Versus Hydraulic Loading Rate

-105- I

!



I

i -I06-

!



i
I

7 ;" • Mor_h 10, Igag -- Marq=h 23, Iga9 I

e.8 --

_ 6.6 --8 --

2.6 -

INF blAIRIH--IqOW A I#L4J_IBt.ILI_W• MAI_IBH--ICFIr f_OND--I[FlW MIr.A,_N.._f_:_I A

I

Figure 28. Pembroke, Kentucky, Dye Study Results of Organic Nitrogen
I

.o.=.,..... - ._o,,=.,.=1;=. i
17 --

'" |
16

,4
13

11

lO I/

_ .-a --

"- |6 --

8 --

4 -
IB -

Z - i J _ , l []
INI r +--IlqO_f A_H--IIqO_# lR MAi_IH--I:Pl r IIpOND--ICIWllr MIF,_I3,0W--ffiK_N A I

Figure 29. Pembroke, Kentucky, Dye Study Results of Ammonia Nitrogen
I

M(Ir_h 10, MII -- ki(Ir_h 2&, _IO I
IlO0

I

loo

o- , -_ - i
INF IMIARIH--IIqOW A _H--ROW B MARgH--L"IelF ImOND--_ MIr.AfX)W--ROW A g

i.x_ertlon
I_ Muf'mh I1 4- Mamh I=

Figure 30. Pembroke, Kentucky, Dye Study Results of Fecal Coliform I

-107- I

I






