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Abstract:
The effect of lime addition and biogeochemical carbon cycling on CO2 equilibria and pH in free water
wetlands (ponds) constructed for aqueous heavy metal remediation was examined. The treatment
system consisted of lime addition to the influent and a series of three ponds separated by porous berms.
Influent to the system was near surface groundwater collected from a reclaimed historic tailings
impoundment, had a neutral pH (~7) and contained elevated concentrations of Zn (~10 mg L-1) and Cu
(~1 mg L-1). The solubility of the heavy metals was reduced by increasing the pH either by lime
addition to the influent or biological dissolved inorganic carbon (DIC) consumption. Both processes
increase the pH by consuming buffering capacity (DIC) and lowering the partial pressure of dissolved
CO2 in the water (pCO2). Geochemical modeling was used to calculate the pCO2 and to predict pH of
the system if it was in equilibrium with atmospheric CO2 and/or calcite. The influent was oversaturated
with CO2 relative to equilibrium with atmospheric CO2 concentrations and undersaturated with respect
to equilibrium with calcite. The ponds were generally undersaturated with respect to equilibrium with
atmospheric CO2 and oversaturated with respect to calcite. The only instances when the ponds were
close to equilibrium with atmospheric CO2 occurred when lime addition rates were low,
photoautotrophy was N deficient, and during ice cover. These observations suggested that biological
carbon cycling influenced the system’s pH.

The relative importance of geochemical (calcification) and biological (respiration/photosynthesis)
processes controlling the consumption/production of dissolved inorganic carbon was determined by
developing an ecosystem level model to account for mass fluxes of nitrogen, carbon and calcium. In
the first pond, DIC consumption was 32% biological and 67% geochemical. DIC consumption was
about 31% geochemical and 69% biological in the second pond. DIC consumption was 95% biological
and only 5% geochemical in the third pond. Because of the spatial variation in the processes
responsible for DIC consumption, the initial portion of the system is a chemical treatment system and
the latter portion is a natural treatment system. 



BIOLOGICAL AND GEOCHEMICAL CONTROLS ON CO2 EQUILIBRIA IN FREE
WATER WETLANDS

By

Thomas Robert Sharp

A thesis submitted in partial fulfillment • 
: of the requirements for the degree

Doctor of Philosophy
v.

in

Civil Engineering '

MONTANA STATE UNIVERSITY-BOZEMAN 
Bozeman, Montana

October 1999



APPROVAL

&

of a thesis submitted by

Thomas Robert Sharp

This thesis has been read by each member of the thesis committee and has been 
found to be satisfactory regarding content, English usage, format, citations, 
bibliographic style, and consistency, and is ready for submission to the College of 
Graduate Studies.

Otto R. Stein, Ph.D.

Approved for the Department of Civil Engineering

Donald A. Rabem, Ph.D.
(Signature)

/ / /4 / ,
Date

Approved for the College of Graduate Studies

Date
Bruce R. McLeod, Ph.D.



iii

STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of the requirements for a doctoral 

degree at Montana State University-B ozeman, I agree that the Library shall make it 

available to borrowers under rules of the Library. I further agree that copying of this 

thesis is allowable only for scholarly purposes, consistent with “fair use” as prescribed in 

the U.S. Copyright Law. Requests for extensive copying or reproduction of this thesis 

should be referred to University Microfilms International, 300 North Zeeb Road, Ann 

Arbor, Michigan 48106, to whom I have granted “the exclusive right to reproduce and 

distribute my dissertation in and from microform along with the non-exclusive right to 

reproduce and distribute my abstract in any format in whole or in part.”

Signature

Date 7 Q g - f f



ACKNOWLEDGEMENTS

I thank my graduate advisor Dr. Otto Stein and my committee members: Drs. Rich 
Howard, Bill Inskeep, Warren Jones, John Priscu and Phil Stewart. The Atlantic 
Richfield Company (ARCO) funded this study and I wish to extend my sincere 
gratitude for their generous support. Much of the data presented here was collected as 
part of the ARCO Wetlands Demonstration Project. Dr. John Pantano was a valuable 
mentor and friend throughout this project. Many Montana Tech graduate students, 
faculty and staff participated on the project and I am grateful for their assistance and 
camaraderie. In particular, Td like to thank the analytical chemistry and data 
management group at Montana Tech: Dr. Bill Chatham, Wayne Olmstead, Gail 
Freeboum and Youning Li. As always the values and advisement of my parents 
(Eugene and Maisie Sharp) and my family aided me in completing this thesis. The 
support of my friends is also appreciated. Finally, I wish to thank my wife, Carolyn, for 
her love and encouragement.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS...............................................................      iv

TABLE OF CONTENTS............................................................................................. ..

LIST OF TABLES............................................................................................... • _ viii

LISTOF FIGURES...................................................... ix

ABSTRACT...............: ............................................................................................ xiii

INTRODUCTION.........................................................................; ............................ i
Treatment of Metal Contaminated Wastewater................................................ I
Study Purpose...................................................................................................3

’ > Study Objectives.......................................................... 4
Constructed Wetlands.......................................................................................5

Subsurface flow wetlands.....................................................................6
Free Water Wetlands.............................................................................g

C02 Equilibria and pH in Lalces..............   ....11
Sediment Characteristics................................................................................. 14

MODEL DEVELOPMENT................. '........................................................ .............16
Material Balances............................................................................................ 16

Atmospheric Flux of CO;..........................  20
Geochemical Modeling................................;.................. .............................. 23

METHODS.............................................. '.................................................................25'
Sample Collection and Analysis.....................................................................25

Dissolved Inorganic and Organic Carbon...........................................25
Total and Dissolved Metals............................................. 26
Anions................................................................................................ 26
Particulate Organic Carbon and .Nitrogen.......................................... 26
Total and Soluble Reactive Phosphorus...... ......................................27

Field Data Collection.........................    27
Light Monitoring.................................................................................28
Depth Profiling....................................................................................28
Sediment Collection and Analysis......................................................28



TABLE OF CONTENTS (continued)"

STUDY SITE........ !...................................................................................................3Q
History.................................................................................... ....................... 30
Site Description..........................■......................................................... . 3 j
Operating Conditions....................................................... •.............................32

Influent Characteristics.....................................................................33
Water Level...................................................................................... 34
Flow Rates.............. '................................. ........................................35
Evaporation....................................................................... ■.............. 37
Water Balance Summary.................................................................. 33
Theoretical Hydraulic Residence Times........................................... 38
Lime Addition Rate...................................................................; ....... 33
Phosphorus Addition.........................................................................40

Climatic Conditions................................................................... ;..................40
Incident Irradiance............. ■.............................................................. 40
Influent and Effluent Temperatures.................................................. 41

Temperature Stratification............................................................................ 42

RESULTS and DISCUSSION.......................... ■................44
Mass Balances and DIC Budget....................................................;.............. 44

Dissolved Nitrogen..................... ............... ......................................45
Suspended and Attached Biomass and Production.. .......................... 48

Particulate Organic Carbon................................................... 48
Planktonic Production........................................................... 49
Particulate Organic Carbon vs. Nitrogen......................... ......50
Benthic Production................................................................ 51

Dissolved Organic Carbon......................................................... ........52
Calcium.............................. ............................................................... 54
Zinc....................................................................................................56
Dissolved Inorganic Carbon and pH..................................................58
Flux of Atmospheric CO2.................................................................. 63
Organic Carbon Remineralization..................................................... 65
System Trophic State.............................. •..........................................66
DIC Budget Summary........................................................................67
Shortcomings in Model Methodology................................................71

Nitrate Consumption................................;............................. 71
Analytical Variability of Ca Concentrations............. ............ 71
Temporal Variability............................. ..............'.................. 72

Results of Geochemical Modeling............................'.................................... 73



I

vii

TABLE OF CONTENTS-continued'

C02 Partial Pressure and Calcite Equilibrium....................................73
Observed and Predicted DIC..............................................................75
Observed and Predicted pH..........................................   77
Summary of Geochemical Modeling.................................................. 80

Equilibrium with Atmospheric C02.......................................80
Calcite equilibrium.......................................   81

Sediment Characterization.............................................................................. 82
Visual Description...................................................................... 83
Sediment Composition............................................................ ; .........84

SUMMARY.................................................................................................   89
Treatment Process Overview.........................    89
Conclusions...............................................................................  93

LITERATURE CITED...............................................................................................95

APPENDICES................................................................... ;............... ...............
Appendix A. Temperature Profiles.......................................................................... 102

Appendix B. Additional Chemical Analyses and Mass. Balances............... 107
Total and Soluble Reactive Phosphorus.............. ;.......................... 108
Silicon...............................................................................................113
Manganese........................................'................ ..............................115



viii

LIST OF TABLES

Table I. Average total (unfiltered) metal, anions and DIC influent
concentrations............. !........................................................................  34

Table 2. Monthly average daily pan evaporation, evaporation from
the ponds and percent of influent evaporated from the ponds.....................38 ■

Table 3. Integrated particulate organic carbon mass fluxes to and from
the system during the study period............................................................. 50

Table 4. Integrated DOC mass fluxes to and from the system over the
study period......... , ....................................................................................54

Table 5. Integrated Ca mass fluxes to and from the system over the study
period................................. ............................................................................ ;.......... 56

Table 6. Integrated Zn mass fluxes to and Eom the system over the study
period...........................................................................................................53

Table 7. Integrated dissolved inorganic carbon mass fluxes to and from the
system over the study period........................................................................63

Table 8. Budget for dissolved inorganic carbon during the study period.................. 68

Table 9. Analyzed and predicted percent weight of major elements or
compounds comprising sediment mass..................................   84

Table 10. Depth profiles of temperature collected from FWOl during the
study period..............................................................................................103

Table 11. Depth profiles of temperature collected from FW02 during the
study period........•......................................................... ...........................104

Table 12. Depth profiles of temperature collected from FW03 during the
study period. ......... ,...,........................................................... ........... ;.... 105

Table 13. Integrated Si mass fluxes to and from the system over the study
period......................   115

Table 14. Integrated Mn mass fluxes to and from the system over the study ' 
period

--------------------------- --------' -------------1----------------------1-------------------------------------L.. \  I  I _______________________I I K  ' I  I I_____________________I I i ~

117



LIST OFFIGURES

Figure I . A sketch of the processes and fluxes associated with carbon cycling.;.....10

Figure 2. Conceptual model of nitrogen transformations and fluxes used to
model organic carbon production in the free water wetlands....................19

Figure 3. Flow diagram of the Colorado Tailings Demonstration Site......................32

Figure 4. Time line of the sudy period and operational changes that occurred
during the study period..................... .........................................................33

Figure 5. Depth to water in TW02 during the study period...................................... 35 .

Figure 6. Average weekly influent, effluent and infiltration rates during the
study period................................................................................................35

Figure 7. Average weekly recirculation rate during the study period.......................37

Figure 8. Average weekly lime addition rates in terms ofmeq base added
per L of influent..........................................................................................39

Figure 9. Variation of integrated daily irradiance (400-700nm) from 8 June
to 5 November 1998...........................................    41

Figure 10. Variation of influent and effluent Fom 5 May to 14 December 1998.....42

Figure 11. Nitrate nitrogen concentrations at the sample locations during the
study period...............................................................................................47

Figure 12. Variation of ERdn at the sampling locations during the study period......48

Figure 13. Particulate organic carbon concentrations in INOI, FWOI, FW02,
and FW03/EFC.........................................................................................49

Figure 14. Variation of ERpc at the sampling locations during the study period......50

Figure 15. Relationship between particulate carbon (PC) and particulate
nitrogen (PN) for FWOl, FW02 and FW03/EFC...................................... 51



--------------------------  ------------------------- -— '-----------------------------1--------------- 1---------- ---------------U_________LI_______________ I l u  /- \

X

LIST OF FIGURES-continued '

Figure 16. Benthic organic carbon production for the sampling locations
during the study period.............................................................................52

Figure 17. Dissolved organic carbon concentrations in INOl, FWOI, EW02 and
FW03/EFC during the study period........ ....................... ; ........................53

Figure 18. Variation of ZRdoc at the sampling locations during the study period.....54

Figure 19. Dissolved calcium concentrations at the sampling locations during
the study period......... ............................................................................... 55

Figure 20. Variation of ZRca at the sampling locations during the study period.......56

Figure .21. Dissolved Zn concentrations at the sampling locations during the
study period............. , ............. .................................................................57

Figure 22. Variation OfZRzn at the sampling locations during the sampling
period........................................................................................................58

Figure 23. Influent DIG concentrations and pH during the study period....................59 .

Figure 24. DIG concentrations and pH in FWOl during the study period...;...60

Figure 25. DIG concentrations and pH in FW02 during the study period........61

Figure 26. DIG concentrations and pH in FW03/EFC during the study period.61

Figure 27. Variation of ZRdic for the sampling locations during the study
period.............................................................................................. 62

Figure 28. Variation of the chemical enhancement factor for carbon dioxide 
exchange between the pond water and the atmosphere for the 
ice-free portion of the study period.....................................  64

Figure 29. Pond specific rates atmospheric C02 invasion in FWOI, FW02 and
. FW03 during the study period..... ....................... '............................ ...... 65

Figure 30. Variation of organic carbon remineralization in the ponds during the
study period...............................................................................................66



LIST OF FIGURES-continued

Figure 31. Variation of trophic state (organic carbon production -  organic 
carbon remineralization) at the sampling locations during the 
study period......................... 57

Figure 32. Temporal variation in pC02 at the sampling locations during the
,study period...............................................................................................74

Figure 33. Calcite saturation indices plotted against the pC02 for the sampling
locations....................................................................................................75

Figure 34. FWOl observed and predicted DIG concentrations for the two
equilibrium cases examined......................................................... '............75

Figure 35. FW02 observed and predicted DIG concentrations for the two
equilibrium cases examined......................................................................77

Figure 36. FW03/EFC observed and predicted DIG concentrations for the two
. equilibrium cases examined......................................................................77

Figure 37. FWOl observed and predicted pH for the two equilibrium cases
examined...................................................................................................79

Figure 38. FW02 observed and predicted pH for the two equilibrium cases
examined...................................................................................................79

Figure 39. FW03/EFC observed and predicted pH for the two equilibrium cases
examined.................................................................. 80

Figure 40. Relationship between sediment concentrations of Ca and CO32'
estimated from percent weight CaC03 equivalents:.................................86

Figure 41. Sediment depth versus dry bulk density in FWOl.................................... 87

Figure 42. Sediment depth versus percent weight water content in FWOl............... 87

Figure 43. A diagram of the effect of biological carbon cycling on the pH along
the flow path in treatment system.....................................................  92



----- ' ---------------- 1--------------- L' Vt I_________ 'il \ ') [I_________ I I I'

xii

LIST OF FIGURES-continued

Figure 44. Influent total and soluble reactive phosphorus concentrations
during the study period.......... ;..............................................................109

Figure 45. Total and soluble reactive phosphorus concentrations in FWOl
during the study period....................................................................  109

Figure 46. Total and soluble reactive phosphorus concentrations in FW02
during the study period........................................... .............................. 110

Figure 47. Total and soluble reactive phosphorus concentrations in FW03/EFC
during the study period...........................................................................110

Figure 48. Variation of ERtp at the sampling locations during the study period.....! 11

Figure 49. Dissolved Silicon concentrations at the sampling locations during
the study period.............. .................................................................;..... 114.

Figure 50. Variation of LRsj at the sampling locations during the study period.....114

Figure 51. Dissolved Mn concentrations at the sampling locations during the
study period............................................................................................116

Figure 52. Variation of ERm11 at the sampling locations during the study
period...................................................    117



xiii

ABSTRACT

The effect of lime addition and biogeochemical carbon cycling on CO2 equilibria and pH 
in free water wetlands (ponds) constructed for aqueous heavy metal remediation was 
examined. The treatment system consisted of lime addition to the influent and a series of 
three ponds separated by porous berms. Influent to the system was near surface 
groundwater collected from a reclaimed historic tailings impoundment, had a neutral pH 
(~7) and contained elevated concentrations of Zn (~10 mg L"1) and Cu (~1 mg L"1). The 
solubility of the heavy metals was reduced by increasing the pH either by lime addition to 
the influent or biological dissolved inorganic carbon (DIC) consumption. Both processes 
increase the pH by consuming buffering capacity (DIC) and lowering the partial pressure 
of dissolved CO2 in the water (pC02).. Geochemical modeling was used to calculate the 
pC 02 and to predict pH of the system if it was in equilibrium with atmospheric CO2 
and/or calcite. The influent was oversaturated with CO2 relative to equilibrium with 
atmospheric CO2 concentrations and undersaturated with respect to equilibrium with 
calcite. The ponds were generally undersaturated with respect to equilibrium with 
atmospheric CO2 and oversaturated with respect to calcite. The only instances when the 
ponds were close to equilibrium with atmospheric CO2 occurred when lime addition rates 
were low, photoautotrophy was N deficient, and during ice cover. These observations 
suggested that biological carbon cycling influenced the system’s pH.

The relative importance of geochemical (calcification) and biological 
(respiration/photosynthesis) processes controlling the consumption/production of 
dissolved inorganic carbon was determined by developing an ecosystem level model to 
account for mass fluxes of nitrogen, carbon and calcium. In the first pond, DIC 
consumption was 32% biological and 67% geochemical. DIC consumption was about 
31% geochemical and 69% biological in the second pond. DIC consumption was 95% 
biological and only 5% geochemical in the third pond. Because of the spatial variation in 
the processes responsible for DIC consumption, the initial portion of the system is a 
chemical treatment system and the latter portion is a natural treatment system.
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INTRODUCTION

Metal contamination can threaten the biological diversity, productivity and 

. stability of unperturbed environments. Historic and operating mines and mineral 

processing facilities are potential sources of heavy metal contamination. Mineral 

extraction exposes mineral deposits to the biosphere and subsequently enhances the rate 

at which they are weathered. Metals derived from weathered ore deposits or mineral 

wastes can be spread through the environment as airborne particulates or solutes in 

surface or ground water (Salomons 1995). For the reclamation of sites previously 

impacted by mineral extraction or the compliance of active mines or mineral processing 

facilities, metal contamination in surface and groundwater often must be treated prior to 

discharge.

Treatment of Metal Contaminated Wastewater

I

Treatment options for wastewater containing significant concentrations of 

dissolved metals include; removing the metals by reverse osmosis, adsorption, ion 

exchange, or altering the aqueous chemistry such that the formation of metal precipitates 

is favored (Faust and Aly 1983). Alterations in aqueous chemistry to reduce the 

solubility of dissolved metals (i.e. form precipitates) either decrease the electron potential 

(Eh) or increase the pH of the solution by the addition of a strong base.

Chemical treatment of a waste stream containing dissolved metals is 

accomplished by the addition of a chemical to alter the aqueous chemistry to reduce
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metal solubility. Chemical additives such as NaOH, CaO, Ca(OH)2 and sulfidic salts are 

all means of lowering metal solubility. The increase in pH that occurs when one of the 

aforementioned bases is added to metalliferous solutions promotes the formation of metal 

hydroxides, oxy-hydroxides, carbonates or mixtures of these compounds (Stumm and 

Morgan 1981). The addition of a sulfidic salt removes dissolved metals by forming metal 

sulfide precipitates. The resulting metal precipitates are then separated from the free 

water.

The use of natural treatment systems has been proposed as an alternative to 

chemical treatment of metalliferous wastewater. Constructed wetlands are a type of 

natural treatment system. The anticipated cost of a wetland treatment system operating as 

designed is much less than a conventional chemical treatment system (Cohen and 

Gorman 1991). Wetland treatment systems utilize natural processes such as sorption and 

beneficial changes in water chemistry mediated by microorganisms to sequester the 

metals within the system. While the cost of operating a wetland treatment system may be . ;

less than conventional treatment, constructed wetlands are affected to a greater extent by 

ambient environmental conditions. Nutrient availability, temperature, and metal toxicity 

all can influence the efficiency of metal removal (Wildman et al. 1993). If constructed :

wetlands are used to lower the solubility of dissolved metals and attenuate the 

precipitates, designers need to understand how environmental conditions affect treatment

2

efficiency.



Study Purpose
3

This study examined biological, physical and geochemical processes which 

governed pH in a combined chemical and biological natural treatment system for the 

remediation of metal contamination in surface and groundwaters. The system used lime 

addition to initially modify the influent pH. The pH in free water systems is controlled by 

equilibrium with atmospheric CO2 and biogeochemical carbon cycling. To predict the 

fate and transport of dissolved metals, the factors that regulate system pH, and hence 

metal solubility need to be quantified (e.g. Choi et al. 1998).

Alternative modes of operation may optimize the performance of 

chemical/biological treatment systems by capitalizing on the photoautotrophic 

consumption of CO2 and the resulting increase in pH. This may include recirculating 

planktonic photoautotrophic biomass that has accumulated at the tail of the system to the 

head. Increasing photoautotrophic biomass in the first pond in a series of ponds will 

increase the consumption of DIC and increase the pH as long as there are sufficient 

nutrients and light available to support photoautotrophic growth. If biomass can be 

recirculated to head of the treatment system and the environmental conditions are 

favorable for growth, the amount of lime (CaO, Ca(OH)2) that is added to the water to 

maintain the optimal pH for treatment can be reduced. Without recirculation, the benefit 

of photosynthetic CO2 consumption would be realized only at the tail of the treatment 

system where the planktonic biomass has accumulated. The environmental factors that 

control whether the trophic state of system is net autotrophic (CO2 sink; pH increase) or 

net heterotrophic (CO2 source; pH decrease) are important design and operational
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4
considerations for engineering a treatment system for metals reduction that relies, in part, 

on these natural processes for heavy metal remediation.

The goal of this study was to determine the effect of varying modes of operation 

on regulating pH in the system. These operational changes included drawing influent 

from two sources with different nutrient (nitrate) concentrations and using recirculation 

to redistribute planktonic biomass. The longitudinal extent that a given trophic state 

persists along the flow path through the system will be impacted by these operational 

changes. However, the effect of these operational changes can only be superimposed on 

the prevailing seasonal pattern of organic carbon production and consumption.

An ecosystem level approach was used to examine how these operational changes 

affected pH regulation in the treatment system. To demonstrate the effect that system 

trophic state has on the pH of the system, mass balances of calcium, phosphorus, 

nitrogen, dissolved inorganic carbon, dissolved organic carbon and particulate organic 

carbon (algal biomass) for the water of the ponds were developed. Changes in mass that 

were not due to the varying influent fluxes to each pond were assigned to a net reaction 

term (SR). This term represents the net effect of the various processes that consume or 

produce that constituent. Sediment from the ponds was analyzed to verify the results of 

the mass balances. By prescribing DIC production and consumption to specific physical, 

geochemical and biological processes, their relative importance in regulating pH was 

evaluated.

Study Objectives

Data analysis addressed the following objectives:
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1) Model DIC production and consumption by the biological and geochemical processes 

within the system and their spatial and temporal variation.

2) Use a geochemical equilibrium model to determine the effect of equilibria with 

atmospheric CO2 and calcite on DIC concentrations and pH, and

3) Verify the results of the mass balances by comparing material lost from the water to 

the composition and amount of sediments produced.

Meeting these objectives will permit an evaluation of an appropriate mode of operation 

for the treatment system, the relative importance of the geochemical, physical and 

biological processes regulating pH and the composition and accumulation rates of 

sediment. The results will be applicable to other systems that use pH adjustment to treat 

heavy metal contaminated groundwaters that may impact surface water quality.

Constructed Wetlands

There are two general types of treatment wetlands: free surface flow and 

subsurface flow wetlands (Kadlec and Knight 1996). Free surface wetlands are ponds 

with emergent vegetation. Subsurface flow wetlands are constructed of a porous medium 

and water flows within the medium along a hydraulic gradient set up by peizometric 

potential difference between the influent distribution pipe and effluent collection pipe.

5



Subsurface flow wetlands
6

Subsurface flow wetlands sequester metals by precipitation and adsorption 

(Machemer and Wildeman 1992). Adsorption of metals is viewed as a short-term metal 

removal mechanism because the availability of adsorption sites decreases over time. The 

precipitation of metals results from the effect anaerobic microbial respiratory products 

(HCO3" and H2S) have on aqueous chemistry. Bicarbonate produced from anaerobic 

respiration will consume acidity (Eger 1992) and H2S will react with dissolved metals to 

form relatively insoluble metal sulfides (Mclntire et al. 1990). Subsurface wetlands are 

constructed using materials to create an environment, which supports the growth of 

consortia of microorganisms that are responsible for these changes in water chemistry.

Subsurface flow wetland cells are composed of a porous media such as gravel 

mixed with a variety of differing organic carbon sources including manure, composted 

sewage sludge, brewery waste, or straw (Wildeman 1993). Organic carbon is added to 

these systems as a source of electron donors for heterotrophic bacteria. As an alternate to 

loading the sediments of a constructed wetland with organic matter from an 

allochthonous source, in situ primary production can supply a seasonal pulse of organic 

carbon to the sediments. Aquatic macrophytes, and benthic microalgae contribute to the 

flux of organic carbon to the sediments. Sedimentary organic carbon sets up a 

thermodynamic disequilibrium between the organic carbon and potential electron 

acceptors for microbial metabolism (Van Cappellin and Wang 1996).

Heterotrophic bacteria derive energy for growth by capitalizing on this 

thermodynamic disequilibrium; the bacteria catalyze the reaction between organic carbon



and terminal electron acceptors. Electron acceptors used by bacteria for the oxidation of 

organic carbon are molecular oxygen, nitrate, manganese oxides, iron oxides, and sulfate. 

These electron acceptors are consumed within the sediments in order of decreasing 

thermodynamic energy yield. As the sequential consumption of electron acceptors 

progresses, the pore water in the sediments becomes more reduced, from the 

transformation of relatively oxidized electron acceptors to more reduced respiratory 

products. The degree to which this thermodynamic sequence progresses is dependent on 

the availability of organic carbon and the abundance of each electron acceptor (Berner 

1980). If this thermodynamic sequence proceeds to sulfate reduction, the hydrogen 

sulfide produced can react with dissolved metals to form metal sulfides. The production 

of metal sulfides and adsorption or occlusion of other metals to metal sulfides may 

improve the water quality (Morse and Arakaki 1993).

Potential drawbacks of subsurface flow wetlands are short-circuiting of flow and 

organic carbon depletion. The development of preferential flow paths within the 

subsurface causes decreased contact area and hydraulic residence time, resulting in 

decreased treatment efficiency (Fisher 1990). The life expectancy of subsurface flow 

wetland treatment cells may be shortened by the depletion of readily degradable organic 

carbon (Taurtis and Unz 1994). As the production rate of fermentation products 

decreases within the sediments, owing to the depletion of larger hydrolizable dissolved 

organic carbon, the consumption rate of terminal electron acceptors for organic carbon 

will concomitantly decrease (Alperin et al. 1994). Because of these shortcomings, an

7

alternative method of treatment is desirable.
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Free Water Wetlands

Free water wetlands remove dissolved metals by sorption and precipitation similar 

to subsurface flow wetlands. A difference between the two natural treatment systems 

with regard to the precipitation of metals is that, in free water wetlands, metal solubility 

is decreased because of an increase in pH as opposed to a decrease in redox potential. As 

mentioned previously, a chemical additive can be used to increase pH of the influent 

and/or biological processes in the ponds can increase the pH. To engineer a combined 

chemical/biological treatment system for pH adjustment, the principals governing pH 

buffering in water must be examined.

An optimal pH, at which the solubility of the metals of concern is reduced to meet 

the applicable discharge standard, must be established and maintained for a duration 

longer than the time it takes for the settling of the metal precipitates to prevent their 

resolubilization. When adjusting the pH to the optimal level, enough base must be added 

to overcome any buffering capacity present in the solution, as well as to change the pH. 

The buffering capacity of water is often measured as alkalinity. Alkalinity (eq L '1) is the 

difference in charge between dissolved cations and anions that is neutralized by dissolved 

inorganic carbon species and is defined as

alkalinity = I  (n. x Cf+) -  S (m. x AT) = [WCCJ] + 2 x [CO?~]+ [OH~] (I)

where [Cjn+] is the concentration (M) of the i-th cation, [Aim'] is the concentration (M) of 

the i-th anion, and n and m are the charge on the cation and anion (Drever 1988). The 

buffering capacity of water results from the presence of significant concentrations of an 

acid/base pair (e.g. H2CO3/HCO3") in solution. The effect of adding an acid or a base to
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water on pH is mitigated by the redistribution of DIC species according to a new 

equilibrium. In most waters, carbonate alkalinity ([HCO3"] + 2[C03"2]) is the primary 

buffering mechanism of the solution; however other weak acids such as organic, boric 

and orthosilicic acids can buffer solution pH. Boric and orthosilicic acids buffer the pH 

of a solution near 8.9 and 9.5, respectively (Stumm and Morgan 1981). The addition of 

CaO or Ca(OH)3 can produce significant amounts of calcium carbonate (calcite), thereby 

removing carbonate alkalinity (Butler 1982).

Carbonate equilibria and equilibrium with atmospheric CO3 regulate the pH in 

most natural waters (Wetzel 1983). Hydrogen ion activity and carbonate equilibrium 

determine the proportion of each species (H3CO3*, HCO3', or CO32") of dissolved 

inorganic carbon (DIC) to the total amount of DIC. By convention, the sum of the 

concentrations of dissolved CO3 and H3CO3 will be denoted as H3CO3*, because 

concentrations OfH3CO3 are three orders of magnitude lower than dissolved CO3; the 

slow hydration of CO3 (aq) is the cause for the greater abundance of C03(aq) relative to 

H3CO3. The kinetics of acid-base reactions (H3CO3 * «  H+ + HCO3' and HCO3' <=> H+ + 

CO32") are fast enough to be essentially instantaneous (Stumm and Morgan 1981). 

Processes that affect carbonate equilibrium are diffusion of CO3 to/from the water 

from/to the atmosphere and sediments, the precipitation of CaCO3, and the consumption 

or production of CO3 by biological processes (Fig. I).
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Figure I. A sketch of the processes and fluxes associated with carbon cycling.
Photosynthesis (Ps.) and respiration (Rp.) consume and produce CO2, respectively. 
Advection into and out of the system in not shown.

Algae (oxygenic photoautotrophs) suspended within the water and attached to the 

surficial sediments can alter the chemistry of the pond water by photosynthetic 

consumption of dissolved CO? in water. Alternatively, heterotrophic consumption of 

organic carbon can increase the DIC concentration in the water. As DIC is 

produced/consumed by respiration/photosynthesis, the species (PDCO/, HCO3", and 

CO]") comprising the DIC will be redistributed as defined by the pH and total DIC 

concentration of the water.

If the alkalinity remains constant, changes in the partial pressure of CO? {pCOj) 

within the water due photosynthetic consumption or respiratory production will change 

the abundance of other DIC species (e.g. [HCO]"] + 2[C03"2]). In order to maintain the 

charge balance (alkalinity) hydroxyl ions are produced, causing the pH to increase. If 

DIC produced by respiration is greater than that consumed by photosynthesis, the pH will 

decrease as hydroxyl ions are consumed to maintain the charge balance (Stumm and 

Morgan 1981). The environmental conditions regulating the balance between



photosynthetic DIC consumption and respiratory DIC production need to be examined to 

capitalize on biologically mediated pH changes.

A community of organisms will maintain a positive carbon balance 

(photosynthesis>respiration) given sufficient light, nutrients and a tolerable temperature 

(Cole et al. 1992). If nutrients become depleted or light decreases below the 

compensation irradiance for net photoautotrophic production, the photosynthetic 

consumption of DIC will decrease. Resource depletion or limitation for photoautotrophs 

may result in the respiratory production of DIC exceeding photosynthetic consumption of 

DIC, causing the system to switch from net autotrophy to net heterotrophy, as is often 

observed in unproductive aquatic ecosystems (del Giorgio et al. 1998). High nutrient 

loading, DIC consumption and high pH characterize autotrophic systems, while low 

nutrient loading, DIC production and low pH characterize heterotrophic systems.

CO? Equilibria and pH in Lakes

Most lakes are oversaturated with respect to atmospheric CO? levels independent 

of geographical location and season, although the degree of CO2 oversaturation is often 

decreased during the photoautotrophic growing season (Cole et al. 1994). This work 

implied that most lakes are sources of CO2 to the atmosphere rather than sinks for 

atmospheric CO2. The authors contend that CO2 oversaturation in most lake ecosystems 

results from respiration exceeding photosynthesis and inflows of groundwater that are 

supersaturated with CO2 relative to equilibrium with the atmosphere. Lakes receive 

allochthonous organic carbon from the surrounding watershed, which is subsequently 

remineralized within the water column and sediment. CO2 supersaturation of the lake

11



water will depress the pH below what it would be if the system were in equilibrium with 

the atmosphere. The effect in situ organic carbon production and the simultaneous 

respiration of allochthonous and autonomous organic carbon has on the pH of a free 

water system should be evaluated if free water systems (ponds) are used for engineering 

applications.

The work of Schindler, Emerson and others in the 1970’s on C, N and P limitation 

of primary production in the Experimental Lakes Area (Canada) is one the most thorough 

studies to date on the effect of nutrient additions on CO2 equilibria in freshwater systems. 

The study was initiated by controversy over whether the eutrophication of lakes was the 

result of increased carbon or nutrient (N and/or P) availability. In these Laurentian 

Shield lakes DIC concentrations are extremely low (~0.2 -  1.2 mg L '1) owing to the 

absence of calcareous material in the bedrock or glacial overburden and low weathering 

rates in the watershed (Schindler and Fee 1974; Emerson 1975a). Because of the 

extremely soft water in these lakes, they were an ideal experimental system for 

examining the potential role of inorganic carbon limitation of algal biomass 

accumulation. The results of their study showed that the flux of atmospheric CO? to 

lakes is sufficient to produce an algal bloom in proportion to the amendment of N or P 

(Schindler et al. 1972). The atmospheric flux of CO2 to the experimental lake was in 

excess of the flux predicted by physical diffusion across the air-water interface (Verduin 

1975). Enhanced flux over that predicted by diffusive boundary layer models is due to 

the consumption of CO2 (aq) within the boundary layer by reaction with OH" to produce 

HCO3", which increased the CO2 (aq) gradient, thus increased the flux of atmospheric 

CO2 to the lakes (Emerson 1975b). Photoautotrophic consumption of CO2 in the soft

12
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water Canadian Shield lakes reduced the aqueous partial pressure of COa (pCOi) up to 

four orders of magnitude below equilibrium with the atmosphere (Schindler et al. 1975). 

Owing to this reduction of pCO? in the lake water, the pH increased, thereby increasing 

the rate of CO2 hydroxylation and the flux of CO2 to the lake was enhanced. The ratio of 

enhanced CO2 flux to that predicted by physical diffusion alone ranged from 5-10 with a 

theoretical maximum of 21 (Emerson 1975b). Chemical enhancement of atmospheric 

CO2 diffusion is an important process in soft water lakes but its effect is mitigated in 

lakes with harder waters (higher DIC concentrations).

Depletion of CO2 (aq) from photosynthetic uptake and the concomitant increase 

in pH is only of concern in waters where the amount of DIC present in water can not 

meet this demand (Verduin 1975). In lakes with higher DIC concentrations, the impact 

of the photosynthetic consumption of CO2 on pH is not as great, owing to the increased 

buffering capacity. For photoautotrophic production to increase the pH of the solution, 

this initial buffering capacity must be overcome. Chemical addition (water softening) 

may be required to remove carbonate alkalinity (as CaCO]) to poise the water (i.e. reduce 

the buffering capacity) such that photosynthetic DIC consumption/production can 

increase/decrease the pH. Determining the maximum potential photoautotrophic 

production a treatment system can produce, or the portion of the treatment system that 

will consume more DIC than it will produce, will aid in selecting an optimum 

management strategy for these combination chemical and biological treatment systems.

Despite the differences between the two types of constructed wetlands, both are 

impacted by meteorologic and climatic variation. Additionally, each type of wetland 

relies upon the production of organic carbon, either to provide a source of electrons for

13
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microbial respiration and depletion of electron acceptors or to consume DIC and 

subsequently increase pH. In temperate and polar climates, photoautotrophic growth is 

restricted to the portion of the year when temperature, light intensity and photoperiod are 

favorable. Due to decreased biological rates during the winter, additional measures must 

be taken to obtain the same degree of treatment observed in the summer. These can 

include increasing the hydraulic residence time for subsurface flow wetlands or 

chemically treating the water for free water wetlands.

Constructed wetland treatment systems remove metal contamination from the 

aqueous phase to produce a solid waste in which the metal contamination is more 

concentrated than it was in the wastewater initially. The resulting solid phase waste will 

reside in the sediments of the system. Determining the composition and accumulation 

rate of sediments within these systems is integral component for evaluating the 

performance, cost and longevity of the treatment system.

Sediment Characteristics

Unlike hydrocarbon remediation, where it is theoretically possible for the 

pollutant to be completely mineralized to CO2 and water, aqueous heavy metal 

remediation can only reduce metal solubility. Water treatment to reduce soluble metal 

concentrations produces brine or sediment that will have a higher concentration of metals
• Jj

than the original solution. The volume of the pollution may be reduced, but the total 

mass of the contaminant will be the same. Treatment of metal contaminated water can be 

viewed as a means to concentrate the contamination prior to resource recovery or 

ultimate disposal in a wet or dry closure/repository. With any treatment remedy reducing

V '  ^
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metal solubility, the type of waste concentrate (sediment, brine), its stability, and rate at 

which it is produced must be considered when selecting the treatment option. In the case 

of free water wetlands, sediments may need to be periodically dredged from the initial 

pond over the lifetime of the system. The rate of sediment accumulation and its 

composition must be estimated to project maintenance and to select the appropriate 

means of disposal. In addition to heavy metal precipitates, the sediment will also contain 

other solid phases such as calcite (CaCOg) or amorphous silica (SiOg) that also form in 

response to the increased pH. These environmentally benign precipitates may comprise a 

majority of the sediment mass.

Calcite sediment deposition has beneficial implications for retaining the metal 

precipitates within the sediments. Because the metals are removed as hydroxides, oxy- 

hydroxides, carbonates, or mixed hydroxide carbonates, their long-term sequestration 

within the sediments is dependent on maintaining the proper pH in the sediment 

porewater to prevent their dissolution. Calcite aids in buffering the pore water of the 

sediments and maintaining low metal solubility. The presence of calcite in the sediment 

will buffer the pH by its dissolution near 8 in waters in equilibrium with atmospheric COg 

(Butler 1982). Additionally, there is a potential that the sediment produced, if it contains 

an overabundance of calcite, can be used as a soil amendment for acidic soils (Mikkelsen 

and Camberato 1995). Ultimate disposal is dependent on the metals concentration and 

stability of the sediment. Increased calcite and amorphous silica deposition will increase 

the volume of sediment produced and subsequently decrease the metal content of the

15
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MODEL DEVELOPMENT 

Material Balances

A mass balance model was developed for a series of free water wetlands with 

recirculation of a portion of the effluent back to the head of the system and the addition 

of quick or hydrated lime at a variable rate to the influent. Each free water wetland cell 

(pond) in the series was treated as a continuously stirred tank reactor (CSTR). The 

general form of the mass balance is written such that

V ~ QinCin + OrCr — QoutC — QsC + 'LR (2)

where V is the pond volume. dC/dt is the change in concentration between sampling 

dates, Qm is the influent rate, Cm is the influent concentration, Qr is the recirculated flow 

, rate, Cr is the concentration of the recirculated water, C is the concentration in the pond, 

Qs is the infiltration rate out of the cell, Q0llt is the effluent flo w rate, and ILR is the net 

effect of biogeochemical reactions that either produce or consume the constituent. 

Chemical additions are included in the reaction term. Implicit in this approach is that the 

water level in the ponds remains constant; the ponds do not gain or lose water. Therefore, 

at any given time the influent rate is equal to the effluent rate plus the seepage and 

evaporation rates. Changes in concentration of dissolved constituents from evaporation 

were assumed to be negligible.

Mass balances were developed for calcium, zinc, silicon, manganese, copper, total 

phosphorus (TP), total nitrogen (TN), dissolved nitrogen (DN), particulate organic carbon



(PC), dissolved organic carbon (DOC) and DIC. This approach quantified the variation 

in the flux through each pond and determined changes in concentrations due to processes 

other than transport. Similar material balances have been used to construct carbon and 

material balances for lakes (Otsuki and Wetzel 1974; McConnaughey et al. 1994), 

lagoons (Lvov et al. 1996) and wetlands (Kadlec and Hammer 1988; Dombeck et al. 

1998).

Developing the mass balances permitted material retained within the system to be 

quantified, which permitted the rate of sediment accumulation to be projected. Also, the 

mass balance approach enabled the quantification of the various processes consuming or 

producing DIC in the water. Processes consuming DIC in water are both geochemical 

(calcification and other mineral formation) and biological (photosynthetic DIC 

consumption). The remineralization of organic carbon within the system is a biological 

process that produced DIC. Atmospheric COi diffusion to or from the water can be a 

source or sink of DIC within the system. The net reaction term for the DIC mass balance 

(Z R dic) is composed of the consumption of DIC by Ca and Zn precipitation (Cappl and 

Znppl), production of organic carbon by planktonic and benthic photoautotrophs (Ppiankton 

and PBenthic respectively), remineralization of previously reduced organic carbon in the 

system with the exception of DOC remineralization (Rsystem), the transfer of carbon 

between the DOC and DIC pools (Z R doc) and gains from the atmosphere (Atmflux). The 

processes composing ZRpic are written as

IR dic = Atmflux -  Cappl -  Znppl -  Ppiankton -  PsenIhic ~ ^ doc + Rsystem 0 )  

Each of the processes listed in equation 3 are determined from other mass balances as

17
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Consumption of DIC by planktonic photoautotrophic production is set equal to 

the net reaction term for the suspended particulate organic carbon (ZRpc) mass balance

PPlankton is the net primary production of the phytoplankton and represents a portion of 

total system primary production. Phytoplankton are microalgae that are suspended in the 

water column of the ponds.

To estimate the contribution of the attached benthic algal community to the total 

productivity of the system, a mass balance for the dissolved nitrogen (DN, nitrate) was 

developed. Rates of DN consumption by phytoplankton were estimated by dividing 

PPlankton by the C:N ratio for phytoplankton (Eqn. 5).

This planktonic DN consumption rate was subtracted from ERDn determined from the 

DN mass balance to yield DN consumption/production by processes other than 

planktonic uptake (Eqn. 6). DN consumption is assumed to be due only to 

photoautotrophic assimilation; denitrification is assumed to be insignificant relative to 

photoautotrophic consumption.

(Eqn. 4).

(4)

(5)

(6)

To convert this rate of DN consumption by benthic attached algal biomass to organic C 

production, a C:N (g:g) ratio of 10 was used (Lohman and Priscu 1992; Wetzel 1983). 

This ratio was similar to that calculated from sediment data collected from the study site;



the C:N (g:g) for benthic material on site was 11.6 (Lyons 1998). Benthic organic carbon 

production (PBemhic) is then estimated as

pBemhic ~ I ]t I X (C: N ) Benthic (?)
Bemhic

This model of N cycling is conceptualized in Figure 2.

19

FREE WATER

(PLANKTONIC
BIOMASS

BIOMASS

ATTACHED BIOMASS

Figure 2. Conceptual model of nitrogen transformations and fluxes used to model 
organic carbon production in the free water wetlands.

The net reaction for the DOC mass balance (!.Rdoc) is the difference between 

DOC production and consumption. Processes producing DOC are the photosynthetic 

exudates and the leaching of organic material within the system. Respiration and 

sorption of DOC are two potential consumptive processes. To simplify the model, DOC 

production is assumed to be DIC consumption and DOC consumption is assumed to be 

DIC production. Respiratory DOC consumption is treated separately from R System in data 

analysis.

The mass of DIC removed by calcification

Ca2+ + 2HCO3 <=> CaCO3 + CO2 + H2O ( 8)



was determined as 'LRca from the Ca mass balance; calcium removal is due solely to the 

precipitation of calcium carbonate. The underlying assumption is that the formation of 

other mineral calcium precipitates (e.g. Ca2Si2O4 or CaSO4CH2O) or the sorption of 

calcium to detritus or other suspended material is negligible. Zn was assumed to 

precipitate as hydrozincite (Zm(OH)G(CO2)2) and the total mass contributed by this 

mineral phase was determined from as predicted from the Zn mass balance. The 

CO2 flux model including chemical enhancement of Hoover and Berkshire (1969) was 

used to estimate the atmospheric flux of CO2 to the pond water (see following section). 

The remineralization of organic carbon in the treatment system (Rsyslem) was estimated by 

rearranging equation 3.

Atmospheric Flux of CO?

Flux of CO2 across the air-water interface was modeled for inclusion in the mass 

balances. The flux of CO2 (Fco2, mass area"1 time"1) from/to the water is

Fcoi = ax  — x (COi<- CO!*,) (9)

where a  (dimensionless) is the chemical enhancement factor. Dcoi (length2 time"1) is the 

diffusivity of CO2 in water corrected for the ambient temperature and viscosity, h (length) 

is the thickness of the diffusive boundary layer, CO2e is concentration (mass volume"1) of 

CO2 (aq) in equilibrium with atmospheric CO2 as defined by Henry’s Law and CO2o is 

the concentration of CO2 (aq) predicted from pH, DIC and ionic strength by the aqueous 

geochemical model PHREEQC. The sign convention used here is that gains to the water 

from atmosphere are a positive flux from the atmosphere to the water.
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The thickness of the diffusive boundary layer (Vz) was estimated by the empirical 

relationship of Smith (1985) which relates h (cm) to p./o (windspeed 10 m above the air- 

water interface, m s '1)

A = 0.072 x g-02'5*n'" (H)

An empirical relationship (Kohler and Parmele 1967) was used to convert wind 

speed measured at height of 2m (p2) to wind speed at IOm (pio)

//,O=Ax (yj (10)

where the coefficient n varies with the wind field. A typical value of n for wind over 

water is 0.15 and this value was used in the calculations here.

The atmospheric flux of CO2 to/from the water was determined using the CO2 air- 

water exchange model of Hoover and Berkshire (1969). This model incorporates the 

effect of the chemical enhancement of CO2 diffusion (over that predicted by Fickian 

diffusion) that occurs when the pH > 8.5. The CO2 concentration gradient over the 

diffusive boundary layer is set by hydration of CO2 to form carbonic acid

CO2 + H2O <=> H2CO3 (12)

which is the dominant reaction at pH < 9; at a pH > 9 the hydration of dissolved CO2 by 

hydroxyl ions predominates

CO2 + OH" <=> HCO3' (13)

The Hoover-Berkshire model unrealistically assumes a constant pH over the diffusive 

boundary layer. In spite of this simplification, the Hoover-Berkshire model gives very 

similar results to the more complex models (Emerson 1975b, Bolin 1960, Quinn and Otto
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1971) incorporating a pH gradient, charge neutrality and varying ionic mobilities within 

the diffusive boundary layer (Wanninkhof and Knox 1996).

The chemical enhancement factor (a) for the Hoover and Berkshire model as 

rewritten by Wanninkhof and Knox (1996) is

a =
T

(T -I)  +
tanh((2/z)

Qh

(14)

where

T= 1 + uH+
K\ K2 + K\CtH+ (15)

and

(16)

The terms K i, K 2 and an+ are the first and second conditional disassociation constants 

for carbonic acid and the hydrogen ion activity, respectively. The conditional 

disassociation constants are computed from the speciated molar concentration (activities 

are used for H+ and OH") of the products and reactant, corrected for speciation by the 

aqueous geochemistry program PHREEQC. The final term r is defined as

r= T1 + r2 (17)

where r/ and r? are the hydration rate constants for equations 12 and 13, respectively, K , 

is the conditional disassociation for water; the product of the activities of hydrogen and 

hydroxyl ions. The hydration rate constants were corrected for temperature using the 

data compiled by Portielje and Lijklema (1995; their Table I).



Water chemistry and temperature data from weekly sampling was used to 

calculate hydration rate constants and equilibrium constants for each sampling date. 

Average daily wind speed on each sampling date was used to estimate the diffusive 

boundary layer thickness. Daily flux rates of atmospheric CO2 to the system were 

applied over the time interval between sampling dates.

Geochemical Modeling

PHREEQC version 1.6 (Parkhurst 1995) was used to predict the speciated 

concentrations of CO2 (aq), HCO3", and CO32" for use in the Hoover and Berkshire CO2 

flux model. The concentration of CO2 (aq) in equilibrium with atmospheric CO2 was also 

determined for use in the CO: flux model. An atmospheric CO2 partial pressure (pCO?) 

of 400 ppmv (IogGpCO2) = -3.4) was used to predict the aqueous CO2 in equilibrium with 

the atmosphere. The current global average atmospheric log(pC02) is -3.45 and for a 

recent CO2 flux study in the Experimental Lakes Area in Canada was as high as -3.42 

(Sellers et al. 1995). Several model projections were made to examine the effect varying 

atmospheric pCOj had on the concentration of CO2 (aq). In general, setting the 

IogGoCO2) of the atmosphere to -3.45 instead of -3.4 results in a 10% decrease in the 

flux of atmospheric CO2 to the ponds. Given that the atmospheric pCOj was not 

measured during this study and the selection of either pCOj does not significantly affect 

the flux, a JoCO2 o f-3.4 was used in model projections.

Chemical data from analysis of the weekly samples were used in the model. Input 

data used in the geochemical modeling were dissolved concentrations of Ca, Zn, Na, K, 

Mn, Mg, Si, Cu, SO4 2', Cl", F", O2 and DIC, pH, temperature, density and the measured
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redox potential. The geochemical computer model projected the pH of the pond water in 

equilibrium with atmospheric CO2 and in equilibrium with both atmospheric CO? and 

calcite (CaCOs).
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METHODS

Sample Collection and Analysis

Samples were collected weekly from the influent, ponds 1,2, and 3 and the 

effluent. Sample location notation for the first and second ponds and the effluent are 

FW01, FW02, and FW03/EFC respectively. The effluent is pumped from pond 3 and 

samples collected from FW03 and the effluent were averaged and are collectively 

referred to as FW03/EFC. Samples were collected from the system influent, each pond 

and the effluent in IL acid washed high-density polyethylene bottles. Samples from each 

pond were collected from the effluent edge of the pond by immersing an open sample 

bottle approximately 0.2 m below the water surface. Following collection (~2 hours), 

samples were transported to the laboratory for processing and analysis. Samples were 

processed within an hour upon arrival at the laboratory and analyzed for dissolved 

inorganic carbon (DIG), total and dissolved metals, anions, particulate carbon (PC) and 

nitrogen (PN). All analyses were started immediately after sample processing and 

completed within 24 hr.

Dissolved Inorganic and Organic Carbon

Water samples were filtered through a 0.45 pm syringe filter. A Shimadzu TOC- 

5000 was used to determine concentrations of DIC (Alperin et al. 1994). Briefly, 

samples were injected into a sparging chamber containing 6 N HC1, to convert inorganic



carbon species to CO? and carried in a previously scrubbed stream of N2 (g) to an infrared 

gas analyzer. Infrared absorption by CO2 was converted to concentrations by means of a 

standard curve. A 10 mg L '1 DIC standard was freshly prepared from a stock solution 

prior to sample analysis. The precision and accuracy for the DIC analysis were within 

10%. DOC analyses were performed by the Montana Tech Analytical Laboratory using 

the Shimadzu TOC-5000.

Total and Dissolved Metals

26

Samples for the analysis of dissolved metals were filtered through a 0.45 pm 

syringe filter. Trace metal grade nitric acid (2% vokvol) was added to both samples for 

analysis total and dissolved metals. Concentrations of dissolved and total metals (Ca, Cu, 

Fe, K, Mg, Mn, Na. Si, and Zn) were determined via ion-coupled plasma-emission 

spectrometry (U.S. EPA 1991). Analyses were preformed by the Montana Tech 

Analytical Laboratory.

Anions

Samples were filtered through a 0.45 pm syringe filter. The concentration of 

major anions (SO4 2", Cl", NO3 ", and F") were determined by ion chromatography (U.S 

EPA 1979). Analyses were preformed by the Montana Tech Analytical Laboratory.

Particulate Organic Carbon and Nitrogen

Carbon and nitrogen content of particulates collected on pre-combusted 2.5 cm 

Whatman 934-AH glass fiber filters was determined by a Leeman Labs Model CEC440
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Elemental Analyzer following acidification to remove inorganic carbon that may have 

been deposited on filter. The Marine Chemistry Laboratory at the University of 

Washington preformed the analyses.

Total and Soluble Reactive Phosphorus

Samples for the analysis of soluble reactive phosphorus (SRP) were filtered 

through a 0.45 pm syringe filter. The ammonium molybdate/potassium antimonyl 

tartrate method was used for the determination SRF. The method was followed as in 

Downes (1978) with the exception that the reduction step, used to remove AsOT3 

interference, was omitted. Filtered influent As concentrations are always less than 15 pg 

L'1 and these concentrations do not cause significant interference (Johnson 1971). Total 

and particulate phosphorus concentrations were determined on unfiltered samples using 

the method of Solorzano and Sharp (1980).

Field Data Collection

Water level in the treatment system was measured in peizometers placed in the 

two treatment walls using a water tape. Water temperature and pH were measured for the 

sampling locations daily using a Hydrolab Sonde interfaced to a Hydrolab Surveyor 

hand-held data recorder.

i



Light Monitoring
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Incident irradiance (400-700 nm) was monitored with a 2n sensor and logged onto 

a Li-Cor model 1400 data logger. Integrated daily irradiance over 24 hr was calculated 

from the data.

Depth Profiling

Depth profiles of temperature were periodically collected during the study from 

near the center of each pond. Temperature was measured with the Hydrolab. 

Measurements were collected at 0.3 m depth intervals.

Sediment Collection and Analysis

On 2 May 1999 four sediment cores were collected from FWOl and one core was 

collected from both FW02 and FW03. Cores were collected from the deep portion of 

FW01, approximately 10 ft off TWOl and from the center of FW02 and FW03.' Sediment 

cores were 5 cm in diameter and the length varied depending on the depth to which the 

corer could be driven. After collection, the cores were transported to the laboratory and 

frozen. The frozen cores were sectioned in 2-6 cm intervals and thawed at room 

temperature. Each core section was weighed and its volume estimated. Pore water was 

separated from solids by centrifugation and subsequent filtration through a 0.45 pm 

syringe filter.

Solid phase material was dried at 104° C in an oven for at least eight hours and 

weighed to determine the percent weight water. The material was than combusted at
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500° C for 4-6 hours and weighed to determine the percent weight organic matter. The 

percent weight of CaCOs equivalents was determined on dry combusted solid phase 

material (Nelson 1982). For the determination of metals (Ca, Cd, Cr, Cu, Fe, Mg, Mn, Na . 

and Zn) and metalloids (As and Si), solid phase material was digested in a microwavable 

pressure vessel in aqua-reagia and the digest was analyzed by ICP-ES to determine the 

elemental composition of the solid phase (U.S. EPA 1992).

The sediment dry density was determined on sediment samples collected from 

FWOl by measuring the volume of each core section and the mass (weight) dry solids 

within the core section. Dry density is the dry weight of the solids divided by the volume 

of sediment core section.
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STUDY SITE 

History

Mineral exploration in Butte, MT first began in 1864 with small placer gold 

workings along Silver Bow Creek. Silver mining in Butte began in the late 1860s. The 

repeal of the Sherman Silver Purchase Act ini 893 made silver mining less profitable. The 

large copper ore deposits were recognized in the late 1860s but copper mining did not 

begin in earnest until the 1870s. The Colorado smelter opened in 1879 and operated until 

the smelting facilities in Anaconda, MT were built. When the Colorado smelter opened, 

the copper extraction and processing industry expanded rapidly in the area and coincided 

with the nation’s increasing demand for copper during the electrification of the country.

In the early 1900’s most of the mining properties in Butte were consolidated by the 

Anaconda Copper Mining Company. The Environmental Protection Agency designated 

three former Anaconda properties (Silver Bow Creek, Anaconda Smelter and Milltown 

Reservoir) to the National Priority List (as defined under the Comprehensive 

Environmental Response, Compensation and Liability Act, or more commonly, 

Superfund) in 1983. Together these three sites comprise the Upper Clark Basin 

Superfund complex, which is largest by area in the country, extending from the 

headwaters of Silver Bow Creek north of Butte to the Milltown Dam near Missoula, MT 

(ARC O 1998).
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Site Description

The study site is located on the Lower Area One (LAO) operable unit in Butte,

MT. LAO is the former location of the Colorado Smelter and Butte Reduction Works.

One and a half million cubic yards of tailings were excavated and removed from the 

historic Colorado Smelter’s tailings impoundment from 1993 to 1998. A new channel for 

the portion of Silver Bow Creek in LAO was reconstructed and vegetated in 1997.

Future plans are to restore the remainder of the site to a wetland environment.

Construction of the Colorado Tailings Demonstration site was completed in 

March 1997 and operation began in April. The purpose of the site was to evaluate the 

effectiveness of combined chemical and biological treatment at reducing metals from 

surface and groundwater. The site consists of a series of three ponds (from influent to 

effluent, FWOl, FW02, and FW03) separated from each other by berms (treatment walls:

TWOl and TW02), composed of cobbles and capped by a 0.3 m layer of soil which has 

been planted with wetland plant species (Fig. 3). Each pond footprint is approximately 

50 X 50 m and the depth varies from 1.0 to 2.0 m. FWOl is shallower than the other two 

ponds, and becomes progressively deeper from the influent end to the first treatment wall.

The treatment walls are approximately 15m wide at the base and 3m wide at the water 

surface. The approximate volumes of FWOI, FW02, and FW03 are 1155, 2815, 2887 m3, 

respectively.
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Figure 3. Flow diagram of the Colorado Tailings Demonstration Site.

Operatina Conditions

Operating conditions varied over the period of study. These changes included the 

influent source, duration and amount of recirculated flow, and the type and duration of 

chemical additions. Figure 4 is a schematic representation of these operational changes. 

Operational changes that occurred prior to. or after, the period of study (I June to 14 

December 1998) are not shown in this figure.
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Figure 4. Time line of the study period and operational changes that occurred during the 
study period.

Influent Characteristics

During the study period (I June to 14 December 1998), influent was drawn from 

two sources on the site owing to construction activities. From 5 May t o l l  August 

influent was drawn from a large pond (open area 2) near the Colorado Tailings 

Demonstration Site. From 12 August to 14 December, influent was collected from the 

interception trench located along the north edge of the site and pumped to the head of the 

treatment system. The primary contaminants of concern are Zn and Cu. Average influent 

concentrations of heavy metals and other major elements and compounds are listed in

Table I.



Table I. Average total (unfiltered) metal, anions and DIC influent concentrations.
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Element/Compound Concentration (mg L"1)
Zn 11.4
Cu 0.9
Mn 6.8
Ca 126.5
Mg 27.3
Na 58.1
K 7.4

SO/' 429.2
Cl" 39.0
Fe 1.8

NO3" 10.0
DIC 25.0

Water Level

For the relationship between inflow, outflow and infiltration to be valid, the water 

level within the system must be relatively constant, that is the volume was constant over 

the study period. The depth to water was similar in both treatment walls (ESA 

Consultants Inc. 1998). Over the study period, the depth to water as measured in a 

piezometer in TW02 decreased by 0.19 m (Fig. 5). This represented an increase in the 

systems volume of about 15%; however, from 5 June to 14 December, the depth to water 

decreased to 0.09 m resulting in only a 6% increase in volume.
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Figure 5. Depth to water in TW02 during the study period.

Flow Rates

11/1/98 12/1/98

During the period of data collection, the influent flow rate was fairly constant; 

however, effluent rates were varied to maintain a constant water level in the system, 

owing to the varying rate of infiltration as the site returned to hydrologic equilibrium 

following dewatering Depressing the groundwater level for tailings removal and other 

construction on the site caused variable infiltration. When the groundwater elevation was 

depressed, a greater portion of the treatment system was perched above the water table. 

After construction activities were completed on the site, the groundwater level increased 

and infiltration rates decreased.

To reduce day to day variability in flow rates, average weekly influent and 

effluent flow rates were determined from daily records. The average weekly infiltration 

rate was then estimated from the difference between weekly average influent rates and 

the sum of effluent flow and evaporation rates (Fig 6). Water is assumed to infiltrate



from ponds 2 and 3 only, because of the geohydrology of the site. Ground water 

elevations from monitoring wells indicate that more of FW02 and FW03 were perched 

above the water table than FWOl (ESA Consultants Inc. 1998).
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Figure 6. Average weekly influent, effluent and infiltration rates during the study period.

In general, influent flow rates are relatively constant near 650 m 'd"1. The influent 

pump did not operate for 2 days during the week from 29 June until 6 July. This decrease 

in the average weekly influent flow rate corresponded to the increase in the depth to 

water during that period (Fig. 5). Average weekly effluent flow rates initially increased 

from less than 100 m3 d"1 during the week of I June to around 300 mJ d"1 from 22 June 

until 24 August. After 24 August until 14 December, the effluent flow rate fluctuated 

around 500 nr d"1. Because the amount of water lost by infiltration from the pond



bottoms was estimated from the difference between influent flow rate and evaporation 

plus the effluent flow rate, the rate of infiltration inversely tracks the effluent flow rate.

For part of the study period (I June to 12 August) a portion of the effluent was 

recirculated back to FWOI. The average weekly recirculation rate was initially two times 

the influent flow rate in June (Fig. 7). After 15 June the recirculation rate was gradually 

decreased and terminated on 12 August.
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Figure 7. Average weekly recirculation rate during the study period.

Evaporation

Evaporative water loss from the ponds was estimated from pan evaporation values 

corrected for precipitation during the corresponding period (Table 2, data from Hall 

1999). Evaporative losses are only considered for the ice-free portion of the sampling 

period (May through the end of October). The loss of water owing to evaporation was 

always less than 10% of the influent flow rate.
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Table 2 . Monthly average daily pan evaporation, evaporation from the ponds and 
percent of influent evaporated from the ponds.

Month Average Rate of Evaporation from 
the Ponds (m3 d"1)

Percent of the Average Monthly 
Influent Flow Rate

May 38.7 6.3
June 29.2 4.8
July 53.0 8.8

August 42.3 7.0
September 34.1 5.2

October 15.6 2.4

Water Balance Summary

Total inflow volume to the system during the study period was 123892 m3. Of 

this total inflow, 78043 m3 was discharged from the system via the effluent pump. The 

total amount of water evaporated from the system was 5378 m3. The remainder of water 

was assumed to infiltrate from the system and amounted to 40470 m3.

Theoretical Hydraulic Residence Times

Theoretical hydraulic residence times, using the approximate volumes and an 

average flow rate of 654 m3 d'1 for FWOI, FW02, and FW03 were 1.8, 4.3 and 4.5 days, 

respectively. The theoretical hydraulic residence time for the entire system was 10.6 

days, excluding the volume of the treatment walls.

Lime Addition Rate

From the start of the Demonstration Project (May 1997) until 6 July 1998, CaO 

was added to the influent for pH adjustment. After 6 July 1998 through the present 

Ca(OH)Z was used for pH adjustment. The lime dosage rate was adjusted to increase the



pH of the influent water to approximately 9.5. This pH was optimal for reducing Zn and 

Cu concentrations to project specific goals (ARCO and Montana Tech 1997).

Since both CaO (4 May until 6 July) and Ca(OH)] (from 7 July on) were used as 

chemical additives to increase the pH, the addition rate was transformed and plotted as 

meq of base added for each liter of water treated (Fig. 8). The lime addition rate was 

increased from the start of the study period to early August. From early August until 

early October the average weekly lime addition rate remained relatively constant near 2.3 

meq L'1. After early October the lime addition rate decreased until the end of the study 

period.
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Figure 8. Average weekly lime addition rates in terms of meq base added per L of 
influent. Lime was added as CaO from 5 May to 6 July and as Ca(OH)] from 7 July to 
14 December 1998.



Phosphorus Addition
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Phosphorus was added to the recirculation line as ortho-phosphate in an attempt to 

enhance photoautotrophic DIC consumption within the system. Al Og  Na2HP04.7H20 

L 1 solution was prepared and pumped into the recirculation line at a flow rate of 0.01 L 

min 1 from 7 July to 28 July 1998 and 0.02 L min'1 from 29 July to 8 August 1998. Over 

this period a total of 642 g PO4 3" -P was added to the recirculation line.

Climatic Conditions

Incident Irradiance

Incident irradiance monitored at a location nearby the site demonstrated a pattern 

typical of seasonal and meteorological conditions during the study period (Fig. 9). 

Monitoring began in early June and impinging irradiance increased from this time to 21 

July and subsequently declined through early November when the monitoring was

terminated.



5-May-98 4-Jun-98 4-Jul-98 3-Aug-98 2-Sep-98 2-Oct-98 I -Nov-98 1-Dec-98

DATE

Figure 9. Variation of integrated daily irradiance (400-700nm) from 8 June to 5 
November 1998.

Influent and Effluent Temperatures

Water temperatures in the influent and effluent showed a pronounced seasonal 

trend (Fig. 10). Influent temperatures were more variable than the effluent, especially so 

after influent was drawn from the interception trench instead of the large pond in LAO. 

Surface water temperatures in FWOl and FW02 were similar to the effluent. In general, 

water temperatures decreased initially in the first half of May, then increased to ~25° C 

on 26 July. Water temperature then decreased until early November, after which the 

temperature remained relative constant near 2°-30 C for the remainder of the study period. 

The greatest decrease in water temperature occurred between 18 and 21 September when



the water temperature decreased from 18° C to 13° C. The ponds were ice-free from 15 

April to I November.
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Figure 10. Variation of influent and effluent from 5 May to 14 December 1998. 

Temperature Stratification

Temperature profiles with respect to water depth were monitored for each of the 

three ponds (Appendix A Tables 10,11, and 12). Temperature profiles were nominally 

made 2 to 4 times over a 24 hr period to quantify diurnal changes in water temperature. 

Some diurnal temperature stratification developed in June, July and August. In general, 

temperature stratification developed by late afternoon but broke down by the following 

morning. Temperature stratification with respect to depth in the ponds can potentially 

decrease the HRT (Metcalf and Eddy 1991). Density differences resulting from 

temperature stratification impede vertical mixing; the work that must be done to 

overcome the buoyant forces present in the water column increases.
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Density stratification can reduce the effective cross-sectional area perpendicular 

to flow. If influent water was of the same temperature as the surficial waters, the influent 

water may essentially flow as a sheet over the colder, denser underlying water, reducing 

the HRT. To accurately apply the mass balance (Eqn. 2), the ponds need to behave 

hydrologically as CSTRs with effective volumes of approximately the same magnitude as 

the design volume. The observed frequency of vertical mixing in the ponds was shorter 

than the hydraulic residence time within the ponds (I day vs. 1.8 to 4.5 days) and 

supported modeling the treatment system as a series of mixed tanks rather than as an 

advective or plug flow system.
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RESULTS AND DISCUSSION

The RESULTS AND DISCUSSION section is organized into three sections 

corresponding to the three study objectives. The first section presents the results from the 

mass balances and modeling biological DIC consumption based on nitrate consumption. 

This section assigns DIC consumption and production to the biogeochemical processes 

listed in equation 3 for each of the ponds and the entire system. Potential short-comings 

in the model are discussed. The second section demonstrates the effect equilibria with 

atmospheric CO2 and/or calcite has on DIC and pH within the treatment system.

Variation in pCOj within the pond is discussed in terms of nitrogen loading to the system 

and the recirculation of biomass. The third section compares the predicted composition 

of the sediment determined from the mass balances to the analyzed composition.

Mass Balances and DIC Budget

The net effect of biogeochemical reactions ZR/, ZR?, and ZRj occurring in FWO I, 

FW02 and FW03/EFC, respectively, consuming or producing a constituent, apply to 

specific regions along the flow path through the system. ZR/ includes losses or gains that 

occur from the point of lime addition to the boundary of FWOli and TWO I. ZR? 

corresponds to losses or gains of mass from the boundary of FWOl and TWOl to the 

boundary of FW02 and TW02. ZRj applies from the FW02/TW02 boundary to the

effluent pump.



I

The concentration used in the influent and effluent fluxes listed in Equation I 

(Pm, and C, respectively) are the average concentration between the sampling dates over 

which the mass balance was applied. The flowrates used in the mass balances were the 

weekly averages for dates between water chemistry sampling. The change in 

concentration between sampling dates {dC/dt) is the difference between the weekly 

measured concentrations. By rearranging equation 2, the net reaction term for each 

constituent can be determined for each sampling interval.

Dissolved Nitrogen

The most abundant form of dissolved nitrogen in the system was NO3". 

Ammonium and nitrite concentrations were never above the detection limits of 0.02 and 

0.023 mg N L"1. respectively. Dissolved organic nitrogen (DON) was not measured, but 

given that dissolved organic carbon concentrations were relatively low (see Dissolved 

Organic Carbon), it is unlikely DON comprised a significant portion of the total dissolved 

nitrogen pool.

The influent was the main source of nitrate to the system. Influent concentrations 

varied with the location of the source. Influent NO3 " concentrations decreased from 1.7 

mg NO3' -N L"1 in early June to 0.7 mg NO3" -N L '1 in early August (Fig. 11). On 17 

August, the influent NO3' concentration dramatically increased to 2.5 mg NO3' -N L"1.

This increase coincided with switching the source of influent water from Colorado 

Tailings open area 2 to the hydraulic control channel. After this change in source water, 

influent NO3" concentrations increased gradually.
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This difference in NO]"-N concentrations between influent source is characteristic 

of the difference between surface and ground waters. The decrease in influent nitrate 

concentrations that occurred from May through early August, may have resulted from 

photoautotrophic nutrient consumption in CT open area 2 in LAO during this time period. 

In contrast, nitrate concentrations in the hydraulic control channel were relatively greater 

and only increased over the period influent was drawn from it. This increase in nitrate 

may have resulted as periphyton growth in the channel decreased in response to the 

seasonal decrease in irradiance and temperature, potentially decreasing nitrate 

consumption rates in the channel.

In general, NO]' concentrations in the ponds decreased along the flow path. After 

the recirculation line was shut down, NO3" concentrations decreased along the flow path 

through the system. By November, the concentration of NO3" was similar in the influent 

and all three ponds. Again the decrease in NO3" consumption was most likely due to 

photoautotrophic production decreasing with integrated daily irradiance and water 

temperature.
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Figure 11. Nitrate nitrogen concentrations at the sample locations during the study 
period.

The net reaction terms for the dissolved nitrogen mass balance were negative, 

with few exceptions, implying that the treatment system was a sink for nitrate during the 

study period (Fig. 12). Of the three ponds, ZRon tended to be greater in FW03/EFC from 

15 June until 3 August. After 7 September until 19 October. ZRdn was lowest in 

FW03/EFC. For the remainder of the study period no discemable trend in ZRdn was 

apparent. Initially NOj" was consumed in all 3 ponds. FWOl was always a sink for NO3" 

and the rates of NO3" consumption were relatively constant over study period. During the 

recirculation period FWOl and FW02 had the greatest rates of NO3" consumption, while 

FW03 did not lose or gain NO3" that could not be explained by advection. After the 

recirculation was terminated. NO3" consumption rates increased in FW02 and 

FW03/EFC. After 19 October. NO3" consumption rates were similar in all three ponds.
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Figure 12. Variation of ERdn at the sampling locations during the study period.

Suspended and Attached Biomass and Production

The phytoplankton assemblage in the ponds of the treatment system was primarily 

composed of cryptomonads and small flagellated green algae. Benthic algae included 

pennate diatoms and filamentous green algae.

Particulate Organic Carbon. PC concentrations initially increased during May 

through June until 13 July when the concentration in the effluent peaked at 6.8 mg L"1 

(Fig. 13). During the recirculation period. PC concentrations in FW02 were similar to 

those in the effluent. Generally, PC concentrations increased along the flow path through 

the system during the study period. After recirculation was terminated this trend of 

increasing PC concentrations along the flow path became more evident. Maximum PC 

concentrations lagged 1-2 weeks behind the peak Chla concentrations (data not shown). 

PC concentrations in FWOl were similar to influent concentrations once recirculation 

was stopped. Influent PC concentrations were relatively constant (< I mg L'1) through
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May and early June until 15 June when the concentration increased to 2.5 mg L"1. After 

15 June influent PC concentrations generally decreased for the remainder of the study 

period.

49

a

7

6

5

I
E 4

£
3

2

I

n

n SB
o

8 o

e
D g D

0 O ■ ■

oo/, • a
O □

O 8
S t i  ■0

5/5/98

■ IN01 
SFW01 
OFW02 
□  FW03/EFC

‘ • • S s ' o
6/4/98 7/4/98 8/3/98 9/2/98

Date
10/2/98 11/1/98 12/1/98

Figure 13. Particulate organic carbon concentrations in INOI, FWOI, FW02, and 
FW03/EFC.

Planktonic Production. The net reaction term from the mass balance on PC 

(XRpc) for FW02 and FW03/EFC were generally positive (Fig. 14). The ERpc for FWOl 

decreased over the study period. Negative values in FWOl result in part from the 

inclusion of influent PC in the mass balance. A portion of the influent PC is composed of 

non-planktonic biomass {Cladophora sp.) that detached from the hydraulic control 

channel and detritus. The values for planktonic production (0 to 1.2 g m"2 d"1) fall within 

the range reported by Wetzel (1983) of 0 to 5.9 g m"2 d"1. Suspended particulate organic 

carbon was produced within the system (Table 3). Planktonic net production in FWOl 

decreased over the study period. FW02 net planktonic production was generally positive



and tended to be lower than net planktonic production in FW03 except during late July 

and August when net planktonic production in FW03 was negative. The greatest 

integrated planktonic production of organic carbon occurred in FW03 (Table 3).
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Figure 14. Variation of ERpc at the sampling locations during the study period.
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Table 3. Integrated particulate organic carbon mass fluxes to and from the system during
the study period.
Process Sample Location Total Mass (kg)
ER FWOl 6

FW02 42
FW03/EFC 99

Infiltration FWOl 0 (assumed)
FW02 -67

FW03/EFC -92
Inflow INOl 133
Outflow FW03/EFC -149

Particulate Onzanic Carbon vs. Nitrogen. Ratios of suspended particulate 

organic carbon to nitrogen were relatively constant during the study period (Fig. 15). The 

slope of the relationship was 5.28 gC:gN and was significantly different from zero. 

Changes in particulate nitrogen explain 95% of the variability in particulate organic



carbon. The slope of the relationship between particulate organic carbon and nitrogen 

was used in equation 5 to convert net planktonic production to nitrate consumption by the 

plankton.

51

♦ f  ♦

RN (mg/L)

Figure 15. Relationship between particulate carbon (PC) and particulate nitrogen (PN) for 
FWOI, FW02 and FW03/EFC.

Benthic Production. Benthic algal production of organic carbon based on 

consumption of DN in excess of that required for the observed accumulation of 

planktonic biomass was generally greatest in FWOl (Fig. 16). Estimated values of benthic 

organic carbon production ranged from -3.5 to 4.5 g m": d"1. Benthic DIC consumption 

followed the same general trend in all three ponds. Benthic production was negative 

initially in FW03 because of the method by it was estimated. During the initial portion of 

the study period the estimated rate of planktonic nitrate consumption exceeded I R dn, 

yielding negative estimates of benthic production.
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Figure 16. Benthic organic carbon production for the sampling locations during the study 
period.

Dissolved Organic Carbon

Concentrations of dissolved organic carbon (DOC) fluctuated around 3.5 mg L"1 

for all sampling locations from early May to the end of September (Fig. 17). From late 

September until 23 November, DOC concentrations gradually decreased.
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Figure 17. Dissolved organic carbon concentrations in INOI, FWOI, FW02 and 
FW03/EFC during the study period.

The net effect of conversion between the DOC and DIC pools after accounting for 

varying influent and effluent fluxes did not show any easily discemable trends with 

respect to time (Fig. 18). Efflux of DOC exceeded influx by 43 kg C, which amounts 

12.1% of the influent mass loading and suggests DOC is produced in excess of 

consumption within the system (Table 4).
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Figure 18. Variation of ZRdoc at the sampling locations during the study period.

Table 4. Integrated DOC mass fluxes to and from the system over the study period.
Process Sample Location Total Mass (kg)
ZR FWOl -55.6

FW02 -32.6
FW03/EFC 57.6

Infiltration FWOl 0 (assumed)
FW02 -73.6

FW03/EFC -88.9
Inflow INOl 313.2
Outflow FW03/EFC -163.2

Calcium

Differences between filtered and unfiltered Ca concentrations were within 

analytical and sample variability at all sampling locations during the study period. 

Dissolved calcium concentrations in general were very similar for each sampling location 

(Fig. 19); however some trends can be observed in the data. From May to mid-June, 

influent calcium concentrations tended to be lower relative to the other sampling



locations. No systematic trend can be observed in calcium concentrations from mid-June 

to 14 September. Calcium concentrations in FWOl were always greater than the influent. 

FW02 or the effluent from 21 September to 14 December.
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Dissolved calcium concentrations at the sampling locations during the study

The net reaction terms for calcium at all three sampling locations were negative 

with a few exceptions (Fig. 20). FWOl ERca was more negative than ERca in FW02 and 

FW03/EFC. The net reaction term for calcium in FWOl initially decreased until 13 July 

after which it was relatively constant. ERca for FW02 and FW03/EFC were negative 

except for several time points in late July and August when they were positive. 

Approximately 25% of the calcium loading to the system is retained in the sediments

(Table 5).
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Figure 20. Variation of SRca at the sampling locations during the study period.

Table 5. Integrated Ca mass fluxes to and from the system over the study period.
Process Sample Location Total Mass (kg)
ZR FWOl -4375

FW02 -1053
FW03/EFC -79

Infiltration FWOl 0 (assumed)
FW02 -3287

FW03/EFC -3275
Inflow INOl 21122
Outflow FW03/EFC -9280

Zinc

Differences between filtered and unfiltered Zn concentrations were within 

analytical and sample variability at all sampling locations during the study period. 

Concentrations of dissolved Zn in the influent were relatively constant around 10 mg L"1 

during the study period (Fig. 21). The concentration of dissolved Zn always decreased 

along the flow path. Dissolved Zn concentrations were slightly lower in FW03/EFC than



FW02. Zn concentrations slightly increased in FW02 and FW03/EFC from 6 July to 27 

July, coinciding with the decrease in pH and increase in DIC that occurred during this 

period (see Fig. 26 below).
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Figure 21. Dissolved Zn concentrations at the sampling locations during the study 
period. Note the log scale.

The reaction terms for Zn were negative at all three sampling locations (Fig. 22). 

The consumption of Zn was much greater in FWOl than in FW02 and FW03/EFC. 

Initially (until 3 August) IRzn in FWOl was relatively constant around -0.0035 g Zn L"1 

day"1. From 10 August through the remainder of the study period, IRzn decreased, 

corresponding to the increase in rate of lime addition that occurred during August (Fig. 

8). The ZRzn in FW02 and FW03/EFC decreased in early June and then remained fairly 

constant for the remainder of the study period. Most of the influent Zn mass was



removed from solution and deposited in the sediments of FWOl; only an estimated 20 kg 

of zinc left the system via infiltration and in the effluent (Table 6) during the study 

period.

58

0.008

>.m

w

0.000

-0.008
5/5/98

•  FW01 
OFW02 
G FW03/EFC

□ a D g Q Q g g g g g g g Q Q g g Q Q D O Q Q O Q Q Q n

•  •  *  e
•  •  e e 

e •  •  •  * • • •

6/4/98 7/4/98 8/3/98 9/2/98 10/2/98 11/1/98 12/1/98

Date

Figure 22. Variation of ERzn at the sampling locations during the sampling period.

Table 6. Integrated Zn mass fluxes to and from the system over the study period.
Process Sample Location Total Mass (kg)
ER FWOl -1218

FW02 -154
FW03/EFC -21

Infiltration FWOl 0 (assumed)
FW02 -8

FW03/EFC -5
Inflow INOl 1375
Outflow FW03/EFC -7

Dissolved Inorganic Carbon and pH

Figure 23 shows influent pH and DIC for the period of study. Influent pH was 

more variable than pH in FWOl, FW02 and FW03/EFC. DIC increased from ~15 to 30



mg L when the influent source was switched on 11 August from CT open area 2 in LAO 

to the hydraulic control channel. While variable, the influent pH also decreased on 

average with the change of the influent source from 7.3 to 7.1.
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Figure 23. Influent DIC concentrations and pH during the study period.

DIC and pH in FWOl are plotted against time in Figure 24. During the 

development of the phytoplankton bloom in June (Fig. 13), DIC decreased from 13 to 4 

mg L ’. pH in FWOl generally fluctuated around 9.5 during the study period. After 4 

July, DIC increased until the end of July then remained relatively constant at 

concentrations of 9-13 mg L"1 until the end of September. From late September until the 

end of the study period, DIC concentrations were generally greater than 20 mg L"1. This 

increase in DIC concentrations coincided with a decrease in water temperature. The 

solubility of calcite increases with decreasing temperature. DIC and pH in FW02 showed 

similar trends to those described for FWOl (Fig. 25), with some differences. The pH was 

0.2 to 0.5 units lower and relatively constant in comparison to FWOl from late July to 21



September. After 21 September, the pH decreased to 8.7 and DIC increased to ~20 mg L 

1 on 14 December. FW03/EFC showed similar trends in pH and DIC as FWOl and 

FW02 through June until mid July (Fig. 26). In mid July, the FW03/EFC pH decreased to 

values lower than FWOl and FW02, while DIC increased to concentrations greater than 

those did in FWOl and FW02. This trend was reversed when the recirculation was 

terminated; the pH increased and DIC decreased in FW03/EFC. During the secondary 

phytoplankton bloom (I I August to I October), DIC concentrations fell to ~5 mg L"1 and 

the pH rose as high as 10.0 on 4 September in FW03/EFC. Following 4 September, the 

pH in FW03/EFC decreased to 8.5 and DIC concentration increased to 18 mg L"1. During 

November. DIC concentrations in both FW02 and FW03/EFC increased dramatically.
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Figure 24. DIC concentrations and pH in FWOl during the study 
period.
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Figure 25. DIC concentrations and pH in FW02 during the study period.
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Figure 26. DIC concentrations and pH in FW03/EFC during the study period.

The net reaction terms for DIC were generally negative over the study period 

(Fig. 27). ERdic was always lower in FWOl than in FW02 and FW03/EFC. The net 

reaction terms in FWOl were relatively constant from I June until 10 August, averaging



-0.005 g C L 1 day On 10 August. FWOl ZRdic became more negative. After 7 

September, the Z R dic in FWOl became less negative. FW02 Z R dic was negative except 

for several time points in late July and August. In FW03/EFC, Z R dic was negative 

except for the period between 29 June and 17 August and a few time points in November 

and December. The period of positive Z R dic in FW03/EFC in the summer coincided 

with low influent NO] concentrations (Fig. 11), declining phytoplankton biomass (Fig. 

13), declining pH. and increasing DIC concentrations in FW03/EFC (Fig. 26). This 

episode of N-depletion and the subsequent respiration of the accumulated planktonic 

biomass demonstrated that the pHs indicative of equilibrium with atmospheric CO? were 

only obtained during the growing season (May-October) by the production of CO? within 

the pond water and sediments rather than atmospheric diffusion. More DIC mass was 

retained in the system than left by the effluent discharge and infiltration (Table I).
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Figure 27. Variation of ZRoic for the sampling locations during the study period.



63
Table 7. Integrated dissolved inorganic carbon mass fluxes to and from the system over 
the study period.
Process Sample Location Total Mass (kg)
ER FWOl -1081

FW02 -368
FW03/EFC -52

Infiltration FWOl 0 (assumed)
FW02 -270

FW03/EFC -260
Inflow INOl 3091
Outflow FW03/EFC -1019

Flux of Atmospheric CO?

The flux of atmospheric CO2 into or out of the treatment ponds was determined as 

described previously and included chemical enhancement. The chemical enhancement 

factor (a, Eqn. 14) varied in time and by location (Fig. 28) and ranged 1.3 to 2.5 for the 

ice free portion of the study period. Chemical enhancement was greatest in FWOl during 

June and July. Chemical enhancement in FW02 and FW03 was similar for most 

sampling dates.
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Figure 28. Variation of the chemical enhancement factor for carbon dioxide exchange 
between the pond water and the atmosphere for the ice-free portion of the study period.

The COt flux rates were estimated (Fig. 29). The invasive flux increased from I 

June until 10 August and declined over the remainder of the ice-free portion of the study 

period. Invasion rates were greater in FW02 and FW03/EFC than in FWOl from 15 June 

20 July. The rate decreased in FW03/EFC from 27 July until 17 August in response to 

the decreased CO, gradient and lower pH. The lower pH decreased the chemical

enhancement of diffusion into the water.
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Figure 29. Pond specific rates atmospheric CO2 invasion in FWOI, FW02 and FW03 
during the study period.

Organic Carbon Remineralization

Rates of organic carbon remineralization (RsvSiem) in the system are due to the 

oxidation of organic carbon to CO2 and were estimated by rearranging equation 3. The 

estimates do not account for the conversion of DOC to DIC. The rate of DOC conversion 

to DIC was always less than 10% of RsysIem- The estimates were generally negative 

during the study period (Fig. 30). Increases in DIC from the remineralization of organic 

carbon were usually greatest in FWO I, because of allochthonous organic carbon loading 

to the head of the system. In FW02 and FW03, organic carbon remineralization rates 

were greatest in late July and early August. By November, RSystem was close to zero in all 

three ponds reflecting the low water temperature and potentially the depletion of readily 

degradable carbon.
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Figure 30. Variation of organic carbon remineralization in the ponds during the study 
period. Positive values are gains of organic carbon; negative values are losses of organic 
carbon.

System Trophic State

System respiration (Rsystem) was subtracted from the sum of planktonic and 

benthic organic carbon production to determine how the trophic state of the treatment 

system varied during the study period (Fig. 31). Positive values indicate the system was 

net autotrophic and negative values indicate the system was net heterotrophic. While 

there was considerable scatter, the data show that in late July and early August all three 

ponds were heterotrophic. The ponds tended to be net autotrophic in June and late 

August through September. FWOl was a net heterotrophic system for most of the study 

period with the exception of one date in June and late August through early September.



FW02 and FW03/EFC were initially net autotrophic systems after which their modeled 

trophic state became variable. In general. FW02 and FW03/EFC were net heterotrophic 

during late July and early August.
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Figure 31. Variation of trophic state (organic carbon production -  organic carbon 
remineralization) at the sampling locations during the study period. Negative values are 
heterotrophic; positive values are autotrophic.

DIC Budget Summary

DIC production or consumption for each process listed in equation 3 was 

estimated based on the results of mass balances for calcium, nitrogen, particulate carbon, 

DOC and CO? exchange with the atmosphere (Table 8). Weekly rates for each process 

were calculated and converted to mass DIC produced or consumed for the time interval 

between sampling dates. These weekly amounts were summed over the study period.



For planktonic production and benthic production, the mass of organic carbon produced 

was integrated over the time interval from I June until 19 October because PC/PN 

samples were not analyzed after 19 October. While regrettable this data set was not more 

complete, it is doubtful that significant biological production of organic carbon (DIG 

consumption) occurred following 19 October. Photoautotrophic consumption of DIG 

was assumed to be zero after 19 October. On 2 November the ponds were ice covered 

the ponds and subsequently covered by 0.5 m of snow which would have significantly 

reduced under-ice irradiance (Wright 1964). Diffusion of atmospheric CO? into the 

system was only applied during the ice-free portion of the study period (I June to 2 

November).
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Table 8. Budget for dissolved inorganic carbon during the study period. Units are kg. 
Positive mass indicates a gain of DIG to the system; negative mass indicates a loss of 
DIG from the system.

PROCESS FWOl FW02 FW03/EFC TOTALS
Calcification -1265 -125 -22 -1412

Zn Precipitation -53 -7 -I -61
Planktonic Production -6 -42 -99 -147

Benthic Production -775 -409 -327 -1511
Atmospheric Flux 21 22 21 64

DOC<=>DIC 56 33 -58 31
ZRdic -1081 -368 -52 -1501

Organic Carbon Remineralization 941 160 434 1535

Calcification was greatest in FWOl and decreased from FW02 to FW03. 

Integrated planktonic production was lowest in FWOl and increased along the flow path 

through the system. Conversely, benthic production of organic carbon decreased along 

the flow path through the system. The atmospheric flux of CO2 into the three ponds was 

similar. The conversion of DOC to DIG was positive in the first two ponds and negative



in FW03. The results imply that when ZRdic are integrated over the study period, all 

three ponds were sinks for DIC. In FWOl DIC consumption was 37% biological and 

62% geochemical (metal precipitation). DIC consumption in FW02 was 69% biological; 

and 31% geochemical. In FW03/EFC, DIC consumption was 95% biological and only 

5% biological.

Integrating and summing biological consumption and production of DIC over the 

study period, indicated that FWOl was net heterotrophic, FW02 was net autotrophic and 

FW03 was only slightly heterotrophic. When the recirculation line was in operation, 

FWOl and FW02 were generally autotrophic and FW03/EFC was heterotrophic. The 

opposite pattern was observed when recirculation was terminated.

The contribution of atmospheric COz diffusion into the ponds and the conversion 

of DOC to DIC paled in comparison to DIC consumption by photoautotrophy and 

calcification. In terms of the integrated mass flux of DIC, planktonic production was also 

a relatively minor sink of DIC. Calcification and benthic organic carbon production were 

the most important DIC removal mechanisms, each removing about equivalent amounts 

of DIC over the study period. Benthic algal production was ~10 times greater than 

planktonic production. Organic carbon production within the system from suspended and 

attached photoautotrophic biomass was 1658 kg C. The total amount of organic carbon 

remineralized was 1535 kg C. The net difference between production and consumption 

of organic carbon was 123 kg C, implying that over the study period the treatment system 

was net autotrophic and accumulated organic carbon. Additional organic carbon is also 

deposited within the system from the senescence of aquatic macrophytes, which was not 

included in this analysis.
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Particulate organic carbon contained in the influent and the senescence and 

subsequent deposition of aquatic macrophytes in the sediments increased the total pool of 

organic carbon available for remineralization within the system. Remineralization of 

allochthonous organic carbon increased the flux of DIC from the sediments. Aquatic 

macrophytes (Typha sp. and Scripus sp.) acquire their inorganic carbon requirement for 

growth from the atmosphere rather than the water and thus the net effect of the 

remineralization of organic carbon derived from macrophytes was only a positive 

contribution to SRdic (Vymazal 1995). The inclusion of an organic carbon source in 

TW02 was an additional source of organic carbon for remineralization. These results 

(organic carbon production exceeding remineralization) imply that organic carbon 

accumulated within the system during the study period. The accumulation of organic 

carbon within the sediments of the system has important effects regarding sediment 

diagenesis and the long-term sequestration of precipitated metals.

Given a sufficient flux of organic carbon to the sediments and time for consortia 

of anaerobic bacteria to develop, a redox zone favorable for sulfate reduction may form 

(Berner 1980). Within this zone, hydrogen sulfide produced as a respiratory by product 

of sulfate reducing bacteria may react with dissolved metals or metals precipitated as 

hydroxides, carbonates, or sorbed to other sediment particles to form metal sulfides 

(Canfield et al. 1992; Lyons 1998). If metal sulfides are produced within the sediments 

in this manner and enough aerobic respiration occurs within the sediments to prevent 

significant oxygen penetration to the sediments, authogenic metal sulfides are an 

effective means for the long-term retention of metals within the pond sediments (e.g. 

Pederson et al. 1985).
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Shortcomings in Model Methodology

Nitrate Consumption. Using the mass balance approach to model biological DIC 

production and consumption yielded some unrealistic estimates of organic 

remineralization (R System), benthic organic carbon production and hence, system trophic 

state. One potential shortcoming in the methodology is the assumption that heterotrophic 

dissimilatory nitrate consumption (denitrification) was insignificant. If denitrification 

was a significant mechanism of nitrate consumption, the model would overestimate 

benthic organic carbon production. ■ This would also underestimate RsyStem and would lead 

to an overestimate of the trophic state of the treatment system (i.e. overestimate DIC 

consumption). Another potential problem in this approach was that gains to the pond by 

groundwater upwelling are assumed to be negligible. While the site was primarily 

perched above the water table during most of the study period, during June the 

groundwater table elevation increased in response to seasonal runoff (ESA Consultants 

1998). If groundwater was upwelling to the site, gains of nitrate would not have been 

accounted for in the current form of the model. This may explain some of the variability 

in benthic organic production, organic remineralization (R System), and system trophic state. 

However, the most likely source of uncertainty in the model is sensitivity to Ca 

concentrations.

Analytical Variability of Ca Concentrations. Inspection of the Ca concentrations 

in the system (Fig. 25) revealed that Ca concentrations on 3 and 31 August did not follow 

the prevailing trend in Ca concentrations with respect to time. The Ca concentrations on 

3 August were approximately 20 mg L '1 lower than on the preceding and succeeding 

sampling dates. Similarly Ca concentrations on 31 August were 20 mg L'1 higher than on
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the two adjacent sampling dates. These potential analytical errors affect mass fluxes 

calculated for the preceding and current time interval over which these concentrations 

were applied in the mass balance.

Assuming that the concentration differences between these sampling points (3 and 

31 August) and the concentrations measured on the adjacent sampling dates were the 

result of analytical error, the magnitude of the error associated with this inaccuracy 

amounts to between 0.0022 - 0.0054 g CaL "‘d"1. In terms of C lost/gained by CaCOs 

precipitation/dissolution, this corresponds to an error of approximately 0.0007 -  0.0016 g 

C L'1 d"1. Inspection of the variability in Rsystem (Fig. 30) and consideration of the 

difference between system production and consumption of organic carbon (Fig. 31) show 

that estimates of these parameters varied most around these dates. Accounting for the 

magnitude and direction of this potential would bring the estimates of the system trophic 

state more into phase with the general trend in the data.

Temporal Variability. The timescales over which data were collected during this 

demonstration project ranged from every 10 minutes (wind speed), daily (pH, dissolved 

oxygen, temperature, flow rates, water levels, precipitation, evaporation), weekly (water 

chemistry, phytoplankton biomass) and semi-annually (sediment composition). To 

develop and verify the mass balances, the different time scales over which data were 

collected had to be reconciled. A weekly time scale was selected as the time interval 

over which to apply the mass balances, because water chemistry data were only collected 

weekly and it was deemed inappropriate to interpolate concentrations between sampling 

dates. Data collected on a time scale less than a week (i.e. minutes, days) were averaged
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Diumal variation in light intensity affects the rate of photosynthesis and therefore 

influences pC 02 and pH on a time scale of hours (Sellers et al. 1995). pH was observed 

to vary up to 0.5 pH units over the diurnal photoperiod. Routinely water samples and 

field data were collected in the morning when these values were likely to be at a 

minimum and represent the net affect of photosynthesis and respiration during the 

previous day. This approach to data analysis did not resolve changes in water chemistry 

that occur at time scales of less than a week, but permitted the examination of seasonal 

changes in water chemistry and system performance.

Results of Geochemical Modeling 

CO? Partial Pressure and Calcite Equilibrium

The aqueous geochemistry model PHREEQC calculated the partial pressure of 

C02 (pC02) that the observed DIC concentration and pH would be in equilibrium with. 

The effect of two different equilibrium cases on DIC concentrations and pH were 

examined. One case assumed equilibrium with an atmospheric log(pC02) of -3.4. The 

other case assumed equilibrium with an atmospheric logQpCOi) o f-3.4 and the mineral 

calcite.

The pC 02 that the influent and pond water would be in equilibrium with varied 

over the study period (Fig. 32). The influentpC 02 was greater than the pC 02 in the ponds 

and was always oversaturated with respect to equilibrium with atmospheric CO? levels. 

From the start of study period to 6 July, pC 02 was lower in FW02 and FW03/EFC 

relative to FWOl. The partial pressure of CO2 was similar in FWOl and FW02 but less
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than in FW03/EFC, from 6 July until 17 August. An opposing trend was apparent from 

24 August to 28 September when partial pressures were lower in FW03/EFC relative to 

FWOl and FW02. After 5 October. pCOi in FWOl was relatively constant around IO"4 2 

and the pCOi in FW02 and FW03/EFC gradually increased until 9 November, after 

which the pCOi in these ponds was close to equilibrium with the atmosphere. In 

summary, the only instances when the pCOj in the pond water was near equilibrium with 

atmospheric COt occurred when lime rates were low (e.g. I June 1998), planktonic 

biomass declined owing to N-depletion (10 August 1998/FW03), and after the 

photoautotrophic growing season (mid-October through December).
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Figure 32. Temporal variation in pCOj at the sampling locations during the study period. 
The horizontal line on the figure approximately denote equilibrium with atmospheric CO? 
levels.

The addition of lime to the influent water decreased the pCOj to below 

equilibrium with the atmosphere and increased the saturation index of calcite (Fig 33). 

The saturation index is defined as the log of the quotient of the ion activity product (IAP)



ot the dissolution of calcite and the temperature corrected solubility product of calcite 

(Kjp). Influent waters were always undersaturated with respect to equilibrium with 

calcite and pond waters were consistently oversaturated with respect to equilibrium with 

calcite. The saturation indices for pond water were relatively constant near 1.0.
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Figure 33. Calcite saturation indices plotted against the pCOz for the sampling locations.

Observed and Predicted DIC

The general trend in comparing the observed DIC concentration to the two 

equilibrium cases examined is that the DIC concentrations predicted for equilibrium with 

atmospheric CO2 tended to be slightly higher, and DIC concentrations predicted for 

equilibrium with atmospheric CO2 and calcite were much lower, relative to observed DIC 

concentrations. In FWOl, all three cases were very similar during the period over which 

the recirculation line was operated (Fig. 34). After 14 September, observed DIC 

concentrations and the predicted concentrations of DIC if the system was in equilibrium 

with atmospheric CO2 dramatically increased. This increase was the result of the



76
decrease in water temperature that occurred at this time. The higher solubility of calcite 

and COilaq) with decreased temperature was the likely cause of this observation (Appelo 

and Postma 1993). A similar trend in time is apparent in data collected and modeled for 

FW02 (Fig. 35). A notable difference is that the observed DIC concentrations were 

depressed relative to both modeled scenarios from 15 June until 20 July. A similar 

depression of observed DIC concentrations also occurred in FW03/EFC (Fig. 36) at this 

time as well as in August through mid September. Both of these periods corresponded to 

periods of planktonic biomass accumulation, demonstrating the effect of 

photoautotrophic DIC consumption on perturbing or preventing the system from 

obtaining equilibrium with atmospheric CCF. In the absence of photoautotrophic DIC 

consumption, or when organic carbon remineralization exceeded photoautotrophic DIC 

consumption, the extent over which the treatment system exhibited the characteristics of 

an autotrophic system diminished.
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Figure 34. FWOl observed and predicted DIC concentrations for the two equilibrium 
cases examined.
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Figure 35. FW02 observed and predicted DIC concentrations for the two equilibrium 
cases examined.
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Figure 36. FW03/EFC observed and predicted DIC concentrations for the two 
equilibrium cases examined.

Observed and Predicted pH

For the three sampling locations, the modeled pH of the solution in equilibrium 

with calcite and atmospheric CO; is approximately 8.0, while the pH of the solution if it



was only in equilibrium the atmospheric CO2 varied from less than 8.0 to 8.4 (Figs. 37,

38 and 39). The observed pH within the treatment systems was greater than that 

predicted for the system if it was in equilibrium with atmospheric CO2 or with both 

atmospheric CO2 and cal cite.

The predicted equilibrium pH was verified by collecting a sample from the system 

effluent, placing it a shallow pan and monitoring the pH over time. The pH declined 

from 8.3 to 8.0 over 2 days, beyond 2 days the pH only decreased slightly to 7.9, 

suggesting that, given sufficient time, the effluent water may come into equilibrium with 

atmospheric CO2 and calcite. The observed pH values also suggested calcite 

oversaturation in the system flow regime and hydraulic residence times.

The model results and the observed pH values over the study period are shown in 

Figs 37, 38, and 39. In general, the observed pH was similar to the predicted pH on I 

June at all three sampling locations. On 10 August, the observed pH in FW03/EFC was 

identical to the pH of the solution in equilibrium with only atmospheric CO2. In 

November and December, the observed pH in FW02 and FW03/EFC was close to that 

predicted for the solution in equilibrium with atmospheric CO2. This time period 

coincided with ice cover in the system.
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Figure 37. FWOl observed and predicted pH for the two equilibrium cases examined.
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examined.

Summary of Geochemical Modeling

Model results indicate that if the influent came into equilibrium with atmospheric 

CO:. the pH of the solution would increase to between 8.0 and 8.3. The influent water 

was always undersaturated with respect to calcite. If the influent solution were to come 

into equilibrium with calcite and atmospheric CO: levels the pH of the solution would be 

close to 8.0.

Equilibrium with Atmospheric CO?. Observed DIC concentrations are best 

predicted by the modeling scenario forcing the system to atmospheric CO: equilibrium. 

The difference between the modeled results and the observed data is slight and can be 

explained by differences in H:CO:* concentrations. Differences between observed and 

modeled DIC concentrations are caused by the biological consumption or production of 

DIC. Allowing the post-lime addition pond water to equilibrate with the atmosphere in



the absence of photosynthesis would increase concentrations OfH2COg* and DIG, 

simultaneously decreasing the pH. After lime addition the pC 02 decreased and pH 

increased. Increases in pH downstream of the lime addition plant (i.e. FW02 and 

FW03/EFC) resulted from reducing ̂ CO2 further below equilibrium with the atmosphere. 

Decreases in pH downstream from the lime addition plant result from increasing the 

pCOi from the post liming levels. Biological production and consumption of CO2 (aq) 

and the diffusion of atmospheric CO2 to the system’s control the ̂ CO2 in FW02 and 

FW03/EFC. FWOl pH was controlled primarily by the rate of lime addition and was also 

affected during the recirculation period by the recirculation ratio (dilution of FWOl with 

FW03/EFC water).

Calcite equilibrium. Potential mechanisms for calcium removal are precipitation, 

sorption to organic matter or other negatively charged surfaces and ion exchange. Losses 

of calcium within the treatment system are assumed to be due only to calcification. In 

other limnetic systems, calcification has been implicated as the mechanism responsible 

for calcium removal (Otsuki and Wetzel 1974; McConnaughey et al. 1994). Other 

calcium containing minerals that the geochemical modeling indicated may have been 

oversaturated with respect to thermodynamic equilibrium include dolomite 

(CaMg(COg)2), and aragonite (CaCOg). Dolomite has a highly ordered structure that 

impedes its formation from aqueous solutions at low temperatures and thus is not 

considered. Losses of Mg from solution were insignificant. Calcite was selected as the 

precipitate most likely form in response to the increase in pH from lime addition in this 

study, because it has a lower solubility than aragonite (Appelo and Postma 1993).
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Calcium silicate minerals may also form in scales produced from water conditioning 

(Faust and Aly 1983; Betz 1991). In this study, geochemical modeling indicated calcium 

silicate minerals were undersaturated with respect to thermodynamic equilibrium and as 

such were assumed to not make a significant contribution to calcium consumption. 

Additionally the 1:1 molal correspondence of estimated CO32" concentrations and Ca in 

the sediment supports this assumption (see Sediment Characterization below).

The influent was always undersaturated and the pond water was always 

oversaturated with respect to equilibrium with calcite (Fig. 33). The degree of 

oversaturation in the pond waters was relatively constant with saturation indices (log 

(IAPZKsp) averaging 1.05. Potential inhibitory mechanisms preventing equilibrium with 

calcite include the kinetics of the precipitation reaction were slower than the HRT of the 

system (Wetzel 1983), Mg interference of calcite precipitation and organic films 

adsorbing to the surface of calcite crystals thus preventing their growth (Appelo and 

Postma 1993). Pond water pH indicative of equilibrium with calcite was rarely observed.

Sediment Characterization

The elemental composition of the sediments was used to truth the mass balances 

by accounting for mass lost from the water; sediment composition was projected from 

mass balance residuals. The predicted sediment composition was compared to a 

chemical analysis of the sediment. Mass lost from the free water accumulated in the 

pond sediments. Selection of which elements to perform mass balances on were based on 

their loading rates to the system and the degree to which they were sequestered within the 

system. Elements considered included Ca, Si, Zn, Mn, Mg, Fe and Cu. Ca, Si, and Zn are

82



assumed to precipitate as calcite, amorphous silica (SiOz), and hydrozincite 

respectively. The prevalent Si precipitate formed in water 

conditioning processes is amorphous SiO2 (Betz 1991). The types of Fe, Mg. Cu and Mn 

precipitates were not specified. The mass of each component comprising the sediments 

was determined by integrating ZRi of the specific mass balance over the study period. 

Losses of DIC to the sediments are assumed to precipitate as calcite and hydrozincite for 

the predicted sediment composition. The percent weight contributed by carbonates in the 

analyzed sediment composition was estimated by assuming that the percent weight 

CaCOj equivalents of the sediment sample was due entirely to the dissolution of CaCOs- 

This assumption would overestimate the percent weight contribution of carbonate to the 

sediment mass by excluding the mass hydroxides, oxy-hydroxides and other H+ 

consuming species that may contribute to the percent weight calcium carbonate 

equivalents. Only the composition of the surficial 6 cm (FWOl) or 4 cm (FW02 and 

FW03) of the sediment was used for comparison to the results from the mass balances, 

because it represents sediment that formed during approximately the same time period 

over which the mass balances were applied.

Visual Description

Sediment cores collected from FWOl have a distinct boundary between the 

sediment that has accumulated since the treatment system began operation and geologic 

material into which the system was constructed. A 12-20 cm thick layer of tan colored 

flocculent material overlaid a black organic layer. Coarse alluvial material resided below 

and was partially mixed into the organic layer. Throughout the tan flocculent material,
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thin laminae of algal mats were observed. FWOl sediments consistently decreased in 

thickness from the north to the south of the pond (perpendicular to the flow path. 

Sediment cores from FW02 and FW03 consisted of fine-grained dark brown material 

with an underlying mixture of peat and coarse alluvial material. A 0.5-1.0 cm thick algal 

mat was apparent on the water-sediment interface of FW02 and FW03 cores.
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Sediment Composition

The percent weight contributed by the various components of the sediment

determined from the mass balances and chemical analysis of sediment cores 

demonstrated that the predicted composition compared well with the analyzed 

composition only in FWOl (Table 9). Among individual sediment components carbonate 

(CO32") showed the greatest discrepancy between the analyzed and predicted sediment 

composition in FWOl.

Table 9. Analyzed and predicted percent weight of major elements or compounds
comprising sediment mass.
Component FWOl

Analyzed Predicted
FW02

Analyzed Predicted
FW03

Analyzed PredictedNOU

47.9 40.3 1.33 47.5 1.51 17.7 .
Ca 29.5 31.1 3.75 27.18 2.18 4.53

SiOz 9.2 12.0 81.83 13.24 85.81 27.06
Zn 6.7 9.0 0.05 4 0.62 1.24
Mn 3.5 4.3 0.2 7.15 0.17 2.91
Fe 1.6 1.5 7.28 0.54 5.49 0.07
Cu 0.7 0.3 0.05 0 . 2 2 0.3 0.12
Mg 0.7 0.6 1.85 0.36 1.41 35

As discussed above, errors may have been introduced into the data by assuming

that the percent weight CaCOg equivalent was due entirely to CaCOg dissolution.



However molal sediment concentrations (mmol kg'1) of Ca were correlated with the 

estimated CO 3 2" sediment concentrations (Fig.40). The slope of the relationship between 

sediment Ca and estimated CO3 2" concentrations was 1.17 + 0.04 and was highly 

significant (p«0.0001). The lower and upper 95% confidence intervals for the slope of 

the relationship were 1.07 and 1.27. Given the high solubility of Ca(OH)I and that other 

Ca minerals are far below saturation in the pond water, the contention that Ca removal 

from the pond resulted from calcification is valid. For the other components of the 

sediment in FWOI, the difference between predicted and analyzed percent weight was 

less than 3%. Predicted and analyzed sediment compositions in FW02 and FW03 did not 

agree, owing to a much greater abundance of SiOz in the analyzed composition (Table 9). 

The overabundance of SiOz in FW02 and FW03 sediments relative to the predicted 

concentration was a sampling artifact (see below).
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Figure 40. Relationship between sediment concentrations of Ca and CO32" estimated 
from percent weight CaCOs equivalents.

The total mass of solids retained in FW02 and FW03 was 3833 and 1784 kg, 

respectively, whereas the total mass retained in FWOl was 13508 kg. The measured dry 

bulk density of sediment (dry weight divided by the wet sediment volume) in FWOl 

ranged from 0.05 to 0.34 g cm"3 and increased with depth in the sediment (Fig. 41). 

Concomitant with the decreasing dry bulk densities was a decrease in the sediment water 

content (Fig. 42). The sediment water content generally decreased from 93% at the 

water-sediment interface to less than 27%.

y = 1 17x - 421.50
R = 0.98
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Assuming a dry bulk density of 0.1 g cm"3 and that the sediments were evenly 

distributed on the pond bottom, 5.4, 1.5 and 0.7 cm of sediment would have accumulated 

over the study period based on mass deposition from the pond water in FWOI, FW02 and 

FW03, respectively. These estimates of sediment accumulation do not account for 

compaction or other diagenetic changes that may change the dry bulk density of the 

sediment. The cores collected from FW02 and FW03 were sectioned into 4 cm intervals, 

therefore the sediment composition was skewed to represent the native material into 

which the system was constructed. This sampling artifact was not an issue in FWOI, 

where enough sediment had accumulated to permit the analysis of authogenic mineral 

phases.
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SUMMARY

Treatment Process Overview

The pH increase following lime addition resulted, in part, from the consumption 

of acidity present as H2CO3*. Equation 13 is the mechanism for the consumption of 

H2CO3 . The addition of lime (CaO or Ca(OH)2) to the influent decreased the partial 

pressure of dissolved CO2 below equilibrium with atmospheric CO; and increased the 

saturation index for calcite from undersaturation to supersaturation (Fig. 33).

With few exceptions the pond waters were always undersaturated with respect to 

equilibrium with atmospheric CO2. The partial pressure of CO2 inversely tracked 

phytoplankton biomass in the ponds: when biomass concentrations increased, the pCOj 

decreased; and, when planktonic biomass concentrations decreased, the pC0 2  increased. 

On I June 1999, the pCOi in FW02 and FW03 was close to equilibrium with the 

atmosphere and was oversaturated in FWOl. During this portion of the study period, 

rates of lime addition were relatively low (Fig. 8). Owing to the low rate of lime 

addition, excess CO2 was not removed from the influent stream and the water in FWOl 

remained oversaturated with CO2. As this water advected through the system, the 

combined effects of CO; diffusion across the air-water interface and biological 

consumption of CO2 acted to bring water in FW02 and FW03 into equilibrium with the 

atmosphere during this period.



The ̂ CO2 in FW03 was in equilibrium with atmospheric CO2 on 10 August. This 

time point coincided with declining phytoplankton biomass (Fig. 13), low influent nitrate 

concentrations (Fig. 11), increasing SRP (Appendix B Fig. 47) and increasing DIC 

concentrations in FW03 (Fig 24). The /?C02 increase in FW03 that began after 7 July, 

resulted from atmospheric diffusion and decreased biological DIC consumption. The 

ERdic also showed a corresponding trend in time. Respiration of accumulated organic 

carbon was partly responsible for the decrease in pH in FW03 at this time. Planktonic 

biomass in FW03 began to die back in response to N-deficiency. The respiratory loss of 

biomass (organic carbon) increased the DIC within FW03. Because photoautotrophic 

demand for P decreased in response to N-deficiency, the only instance of soluble reactive 

phosphorus accumulation was demonstrated. From this episode, it appears that P 

recycling within the system met the demand for P by photoautotrophic production and 

that N availability may control photoautotrophic consumption of DIC. When influent 

nitrate concentrations increased, the greater nitrogen loading rates alleviated nutrient 

deficiency of photoautotrophic growth. Also at this time, the cessation of recirculation 

returned the system to the mode of operation where planktonic biomass accumulated 

along the flow path as nutrients were consumed. After 9 November, JyCO2 in both FW02 

and FW03 were close to or in equilibrium with atmospheric CO2. On 2 November, the 

seasonal ice cover began to form. Ice cover impedes gas exchange between the 

atmosphere (e.g. Priscu et al. 1996). Photoautotrophic production also decreased at this 

time (Fig. 14). The accumulation of DIC was due solely to remineralization of organic 

carbon within the system during ice cover.
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Over the pH range that the treatment system operates (~7 to 9.2), DIC species are 

responsible for pH buffering. To increase the pH, this buffering capacity must be 

consumed. Over the study period, DIC consumption was primarily geochemical in FWOl 

and 31% geochemical and 69% biological in FW02. FW03 was a net source of DIC 

(Table 8). A reduction in the DIC concentration of approximately 15 mg L'1 was on 

average sufficient to increase the pH to -9.5. If pelagic photoautotrophic production was 

relied upon to consume this amount of DIC, at least 3 mg N O 3 " -N L"1 would be required 

to support this production, neglecting other potential nitrogen sources. The HRT of the 

system would have to be of a sufficient duration to permit this amount of production to 

occur. Inhibition of photoautotrophic production without the conditioning of the water 

by lime addition may be a potential drawback of this mode of operation.

For the combined chemical/biological treatment system’s current configuration, 

several points can be made regarding the longitudinal extent of the biological and 

geochemical controls on pH and CO2 equilibria. The influence of increasing residence 

time in the system and concomitant increase in planktonic biomass on the longitudinal 

extent of a given trophic state is shown in Figure 43. Allochthonous organic carbon 

suspended in the influent is deposited at the head of the system. The remineralization of 

this organic carbon and the short hydraulic residence time (constraining phytoplankton 

biomass accumulation) within this region tend to make this portion of the system net 

heterotrophic. Without lime addition and the resulting consumption of DIC, this initial 

portion of the system would be a CO2 source and the pH would decrease. As planktonic 

biomass accumulates with increasing residence time in the system, the trophic state 

switches from being net heterotrophic to net autotrophic and this portion of the system
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becomes a CO2 sink. With the decreasing pCOi, the pH increases. Eventually planktonic 

biomass increases to a level where nutrients become depleted and system switches back 

to being net heterotrophic and is CO2 source with a concomitant decrease in pH.
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Figure 43. A diagram of the effect of biological carbon cycling on the pH along the flow 
path in treatment system.

The combined chemical treatment is an ideal treatment system for moderating the 

influence of the remineralization of allochthonous organic carbon at the head of the 

system. By having lime addition at the head of the system, a measure of control is gained 

to geochemically regulate the initial pH of the system as well as being an effective means 

to expedite metal precipitation. The recirculation of planktonic biomass from the tail to 

the head of the system does enable the operator to benefit from biological DIC 

consumption, but is likely to result in nutrient depletion and the subsequent heterotrophic 

alterations in water chemistry at the tail of the system. Recirculation may be an effective 

management strategy for optimizing nutrient consumption within the free water wetland 

system, but does not guarantee the same degree of remediation as chemical treatment.
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Conclusions

Application of the ecosystem level approach to data analysis permitted the 

following conclusions to be drawn from this study:

1) Increasing planktonic biomass increased both DIC and nutrient consumption along 

the flow path through the system;

2) pH decreases in the system during the growing season occur from the oxidation of 

accumulated organic carbon owing to photoautotrophic nutrient depletion;

3) pH increases due to biological DIC consumption only result from the addition of new 

nutrients to the system;

4) DIC consumption is approximately 67% geochemical and 32 % biological in the first 

pond, approximately 31% geochemical and 69% biological processes in the second 

pond, while the third pond was a source of DIC; and,

5) Sufficient authogenic sediment to permit verification of the mass balances had only 

accumulated in FWOL

The model presented is an appropriate and useful method for budgeting 

geochemical and biological DIC production and consumption for any treatment system 

that can be modeled as a series of CSTRs. As a design tool, it can used to project the 

expected amount of biological DIC consumption based on nitrate, loading rates in 

addition to sediment composition and accumulation rates. Future research on this type of 

treatment system could characterize the solid phase precipitates, or try to incorporate a 

physiological model for planktonic photoautotrophic growth into the framework 

presented here.
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Appendix A. Temperature Profiles



103
Table 10 . Depth profiles of temperature collected from FWOl during the study period.
Depth 6/5/98 6/5/98 6/5/98 6/12/98 6/12/98 7/2/98 7/2/98 7/2/98
Cm) 9:45 11:40 17:25 8:03 16:07 8:06 12:00 16:40

0.0 10.6 11.9 14.5 14.2 17.2 18.6 21.8 23.6
0.2 10.6 11.9 14.5 14.2 17.0 18.6 21.6 24.7
0.3 10.6 11.8 14.5 14.2 17.0 18.6 21.1 24.8
0.5 10.6 11.7 14.5 14.3 17.1 18.6 20.8 24.7
.0.6 10.5 11.7 14.5 14.2 17.0 18.6 20.0 24.6

' 0.8 10.5 11.6 14.5 14.2 16.9 18.6 19.7 23.8
0.9 10.6 11.6 14.5 14.2 16.8 18.5 19.4 20.5
1.1 10.5 11.5 14.5 14.2 16.7 18.5 19.1 19.7
1.2 10.5 11.4 14.5 14.2 16.7 18.4 19.0 19.5
1.4 14.2 18.4 19.5

Table 10. Continued
Depth
(ra)

7/24/98
8:45

7/24/98
16:08

8/20/98
9:00

8/20/98
15:07

10/23/98
15:51

10/24/98
9:00

10/24/98
16:31

11/6/98
16:15

0.0 21.8 25.0 17.2 20.7 7.9 5.9 8.8 4.2
0.2 21.8 24.9 17.2 20.7 8.0 6.0 8.7 4.2
0.3 21.8 24.8 17.2 20.7 7.8 3.0 8.7 4.3
0.5 21.8 24.5 17.2 20.7 7.8 3.0 8.7 4.3
0.6 21.9 24.1 17.1 20.6 7.8 6.0 8.5 4.3
0.8 21.8 23.1 17.0 20.6 7.5 6.1 7.7 4.3
0.9 21.8 22.6 16.9 . 20.4 7.4 5.9 7.2 4.3
1.1 21.8 22.3 16.9 18.9 7.5 6.0 7.0 4.3
1.2 22.0 16.9 18.9 7.4 5.9 6.9 4.3
1.4 21.8 16.9 18.8 7.4 5.9 6.7 4.4

Table 10. Continued.
Depth
(m)

11/7/98
9:30

11/7/98 
15:40

0.0 2.5 3.6
0.2 2.5 3.6
0.3 2.5 3.6
0.5 2.5 3.6
0.6 2.5 3.6
0.8 2.5 3.6
0.9 2.6 3.8
1.1 2.6 3.8
1.2 2.6 3.9
1.4 2.7 4.0
1.5 3.9



Table 11. Depth profiles of temperature collected from FW02 during the study period.
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Depth
(m)

6/5/98
9:20

6/5/98
12:00

6/5/98
17:07

6/12/98
8:20

6/12/98
15:54

7/2/98
8:27

7/2/98
12:28

7/2/98
16:24

0.0 11.23 12.7 13.97 14.82 17.96 19.15 22.82 24.69
0.2 11.14 12.65 13.97 14.85 17.86 19.58 22.85 24.72
0.3 11.04 12.39 13.92 14.85 17.51 19.53 21.75 24.66
0.5 11.04 12.02 13.93 14.86 16.33 19.56 21 24.13
0.6 10.97 11.72 13.86 14.86 16.06 19.55 20.34 21.41
0.8 10.94 11.5 13.81 14.85 15.41 19.51 20.15 20.99
0.9 10.9 11.43 13.14 14.85 15.25 19.45 19.9 20.7
LI 10.88 11.28 11.99 14.81 14.94 19.42 19.64 20.09
1.2 10.87 11.13 11.63 14.65 14.85 19.05 19.29 19.9
1.4 10.84 11.11 11.57 14.01 14.81 17.6 18.52 19.12
1.5 10.84 11.1 11.52 13.23 16.93 17.43 17.86
1.7 10.82 11.11 11.51 16.35 16.73 17.04
1.8 10.82 11.11 16.27 16.77

Table 11. Continued
Depth 7/24/98 7/24/98 8/20/98 8/20/98 10/23/98 10/24/98 10/24/98 11/6/98
(m) 8:57 16:24 9:20 14:56 16:08 8:49 16:42 16:30
0.0 22.81 25.97 18.97 20.84 6.5 5.86 7.26 3.91
0.2 22.83 25.85 18.97 20.85 6.52 5.84 7.24 3.94
0.3 22.88 24.92 18:97 20.85 6.53 5.86 7.22 3.95
0.5 22.88 24.37 18.97 20.85 6.52 5.86 7.17 3.98
0.6 22.88 23.79 18.97 20.82 6.51 5.86 7.22 4
0.8 22.89 23.41 18.96 20.78 6.52 5.86 6.92 4.01
0.9 22.89 23.22 18.95 20.25 6.52 5.81 6.88 4.04
1.1 22.89 23.14 18.94 20.05 6.51 5.75 6.8 4.04
1.2 22.87 23.03 18.93 19.89 6.51 5.74 6.67 4.04
1.4 22.89 22.95 18.92 19.83 5.72 6.62 4.04
1.5 22.8 22.8 18.91 19.69 5.7 6.53 4.05
1.7 22.52 22.6 18.91 19.68 4.04
1.8 22.19 22.33 18.9 19.67 4.04



Table 11. Continued
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Depth
(m)

11/7/98 
9:17

11/7/98 
15:55

0.0 3.15 3.47
0.2 3.14 148
0.3 3.19 149
0.5 3.2 3.52
0.6 3.28 3.51
0.8 3.19 3.51
0.9 3.2 3.54
1.1 3.2 3.52
1.2 3.19 3.52
1.4 3.38 152
1.5 3.43 156
1.7 3.36 3.56
1.8 3.52 158

Table 12. Depth profiles of temperature collected from FW03 during the study period.
Depth
(m)

6/5/98
155

6/5/98
12:25

6/5/98
16:37

6/12/98
8:43

6/12/98
15:39

7/2/98
8:41

7/2/98
12:45

7/2/98 15:46

0.0 11.33 13.37 14.33 14.71 17.34 19.09 23.04 24.43
0.2 11.32 13.32 14.33 14.72 17.12 19.26 22.28 24.44
0.3 11.27 13.31 14.34 14.75 16.93 19.26 21.11 24.41
0.5 11.22 13.26 14.35 14.69 16.5 19.15 20.38 22.73
0.6 11.21 12.96 13.6 14.71 15.71 19.07 19.95 21.1
0.8 11.13 12.39 12.4 14.68 15.42 19.01 19.74 20.34
0.9 11.11 11.72 12.03 14.65 15.2 18.94 19.45 19.88
1.1 11.07 11.51 10.01 14.64 14.81 18.46 18.93 19.42
1.2 11.07 11.46 11.9 14.44 14.45 17.34 18.46 18.44
1.4
1.5 
1.7

11.06 11.42 11.73 13.86
13.52

14.18
13,73

16.8
16.72

16.85 17.54
17.08
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Table 12. Continued
Depth (m) 7/24/98

9:17
7/24/98
16:38

8/20/98
9:40

8/20/98
14:45

10/23/98
16:22

10/24/98
8:36

10/24/9
8 16:53

11/6/98 
16:45

0.0 22.75 25.58 19.31 21.36 152 5.76 7.12 156
0.2 22.75 25.5 19.31 21.37 154 5.7 7.08 158
0.3 22.77 25.14 19.32 21.36 6.54 5.76 7.06 3.62
0.5 22.76 24.6 19.26 21.29 154 5.75 7.06 3.63
0.6 22.78 24.16 19.22 21.26 155 5.71 7.03 3.63
0.8 22.77 23.77 19.2 20.05 156 5.69 197 164
0.9 22.76 2152 19.18 20.39 6.56 5.7 6.85 3.65
1.1 22.77 23.32 19.17 2139 6.56 5.67 6.8 3.66
1.2 22.77 2121 19.15 20 6.57 5.67 6.81 165
1.4 22.78 2109 19.14 19.76 6.57 5.63 173 168
1.5 22.78 19.14 156 5.64 143 169
1.7 157 5.63

Table 12. Continued
Depth (m) 11/7/98 

9:04
11/7/98
16:03

0.0 2.61 3.12
0.2 2.63 3.15
0.3 164 3.15
0.5 2.6 3.17
0.6 2.61 3.16
0.8 167 3.16
0.9 2.65 3.16
LI 2.68 3.16
1.2 2.67 3.16
1.4 167 3.18
1.5 172 3.18
1.7
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Appendix B. Additional Chemical Analyses and Mass Balances



Total and Soluble Reactive Phosphorus
108

The results indicated for most sampling dates and locations a majority of the total 

phosphorus was in the particulate fraction. Because of this only total and soluble reactive 

phosphorus data are presented. Influent total phosphorus (TP) concentrations were 

generally near 25 pg P L"1, with the exception of samples collected on 22 June and 27 

July 1998, and were always lower than the three other sampling locations (Fig. 13). In 

general, influent soluble reactive phosphorus (SRP) concentrations were below the limit 

of detection. TP concentrations in FWOl were relatively constant near 65 pg P L'1 until 

22 July 1998 than declined (Fig 14). This decline continued until 20 August after which 

concentrations remained less than 20 jag P L '1. With a few exceptions SRP was below 

the detection limit of the method. FW02 TP concentrations were initially near 75 pg P U  

1 then declined until 3 August 1998 (Fig. 15); afterwards TP concentrations Were 

relatively constant around 30 jag P L '1 until 28 September then declined to 12 jag P L'1 by 

the end of the study period. TP concentrations were greatest in FW03/EFC (Fig. 16). 

From 6 July until 26 August 1998, TP concentrations fluctuated around 75 jug P L'1 and 

then decreased to ~25 jag P L '1 by the end of the study period. SRP concentrations in 

FW03/EFC were below the detection limit of the method except for two periods: from 27 

July to 20 August and from 23 November to 14 December. During the former period of 

time when SRP was above the detection limit, SRP concentrations increased from 27 July 

to a maximum concentration of 35 jag P L '1 on 6 August then subsequently decreased.

This period corresponded to the observed decrease in pH, increase in DIC and negative 

ERpc in FW03/EFC and the decrease in influent NOs" concentrations.
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Figure 44. Influent total and soluble reactive phosphorus concentrations during the study 
period. LOD is limit of detection.
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Figure 45. Total and soluble reactive phosphorus concentrations in FWOl during the 
study period. LOD is limit of detection.
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Figure 46. Total and soluble reactive phosphorus concentrations in FW02 during the 
study period. LOD is limit of detection.
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Figure 47. Total and soluble reactive phosphorus concentrations in FW03/EFC during 
the study period. LOD is limit of detection.

Consumption of TP in FWOl decreased from the beginning of the study period to 

3 August (Fig. 17). After 3 August, the SRtp for FWOl remained relatively constant 

around 15 g P day"1. The net reaction term from FW02 was generally positive over the
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duration of the study period. The FW02 SRtp was more variable before 6 August. After 6 

August. FW02 SR rp increased until 31 August then decreased for the remainder of the 

study period. The SRjp in FW03/EFC was generally positive around I Sg P day’1.
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Figure 48. Variation of SRjp at the sampling locations during the study period.

The accounting of the mass of phosphorus showed that FWOl consumed 2.88 kg 

of phosphorus, whereas FW02 and FW03/EFC produced 2.64 and 2.43 kg of phosphorus, 

respectively. Comparing the mass of phosphorus produced in the system to that exiting 

in the effluent and by infiltration to the mass that entered the system in the influent, the 

system as a whole was a source of phosphorus.

Most of the phosphorus in the water column of the ponds was associated with 

suspended particulates. Unlike nitrogen, the treatment system acted both as a sink and a 

source for TP depending on location along the flow path . FWOI, which received



phosphorus from the influent and from the recirculation line, was a sink for phosphorus; 

whereas, FW02 and FW03/EFC both generally released more TP to water than could be 

accounted for by transport, and hence are sources of phosphorus. Exclusion of 

phosphorus input from the recirculation line does not change the status of FWOl as a sink 

for phosphorus; only a total 642 g of P as NaaHPC^ was added to system through the 

recirculation line. The phosphorus in the influent may be a phosphate mineral, sorbed to 

suspend mineral particulates, or present as particulate organic phosphorus. Particulate 

phosphorus in the influent may settle and be buried in the rapidly accumulating sediments 

of FWOl. A potential source of phosphorus in FW02 and FW03/EFC is the Eko-Kompost 

used in the construction of TW02. Eko-Kompost is 0.04% extractable P by dry weight. 

Phosphorus may leach from TW02 into the two adjacent ponds. Another potential source 

of phosphorus in FW02 and FW03 is the remineralization of sedimentary biogenic 

material and the subsequent diffusion of P back to the overlying water. Flowever, 

porewater total phosphorus concentrations were also below the detection limit of the 

method, implying that if there was a flux phosphorus from the sediments to the water it 

would be relatively low. Additionally FW02 received intermittent inflows of sewage 

effluent during the summer of 1997. The positive residuals for TP may be due in part to 

the release of phosphorus that was sequestered within FW02 at that time.

The utility of phosphate enrichment was limited owing to the relatively low 

solubility of phosphate. This limit may be imposed by equilibrium with calcium 

phosphate minerals, such as hydroxyapatite or a metastable precursor mineral such as 

octacalcium phosphate or dicalcium phosphate dihydrate (Grossl and Inskeep 1992). The 

target concentration that the P addition rate to the recirculation line was to delivery was

112



35 fig P L ^ Model projections using PHREEQC indicate that if phosphorus was added 

at this concentration to FWOl and equilibrated with hydroxyapatite the concentration of 

dissolved P would be < I pg P L"1. Formation of the thermodynamically metastable 

precursors mentioned above may explain the higher phosphate concentrations that were 

observed in FW03 during August.

In addition to hydroxyapatite precipitation, other phosphorus removal 

mechanisms have been described. Phosphate can co-precipitate with calcite (Otsuki and 

Wetzel 1972). Phosphate can also sorb to suspended ferri-(oxy)hydroxide and clay 

particles (Froelich 1988). Rapid biological uptake of P upon enrichment has also been 

observed (Lean and Pick 1981).
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Silicon

Differences between filtered and unfiltered Si concentrations were within 

analytical and sample variability at all sampling locations during the study period. 

Dissolved Si concentrations were always greatest in the influent relative to the ponds 

(Fig. 27). Influent dissolved Si concentrations increased when the influent source was 

changed from open area 2 in LAO to the hydraulic control channel from approximately 

10 to 14 mg L"1. Dissolved Si concentrations in the ponds were similar during the 

recirculation period. After the recirculation period until mid-October, dissolved Si 

concentrations decreased along the flow path through the system. From mid-October until 

the end of the study period, dissolved Si concentrations were similar in all three ponds.
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Figure 49. Dissolved Silicon concentrations at the sampling locations during the study 
period.

The net reaction term for Si was negative with a few exceptions in the ponds (Fig. 

28). FWOl ERsi was always lower relative to FW02 and FW03. ZRsi was similar in 

FW02 and FW03. The greatest mass of Si was sequestered within FWOl and the mass of 

Si retained in FW02 and FW03 was similar (Table 9).
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Figure 50. Variation of ERsi at the sampling locations during the study period.
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Table 13. Integrated Si mass fluxes to and from the system over the study period.
Process Sample Location Total Mass (kg)
Residual (R) FWOl -798

FW02 -286
FW03/EFC -210

Infiltration FWOl 0 (assumed)
FW02 -214

FW03/EFC -206
Inflow INOl 1568
Outflow FW03/EFC -689

Manganese

Differences between filtered and unfiltered Mn concentrations were within 

analytical and sample variability at all sampling locations during the study period. 

Influent concentrations of dissolved Mn were generally around 6 mg L '1 (Fig. 31). 

Variation in dissolved Mn concentrations in the ponds followed the same general trend 

described previously for Zn. A difference between changes in concentrations of Zn and 

Mn along the flow path was that less Mn was removed from the dissolved phase in FWOl 

relative to Zn. Also similar to the trend in Zn concentrations Mn concentrations slightly 

increased in FW02 and FW03/EFC from 6 July to 27 July.
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Figure 51. Dissolved Mn concentrations at the sampling locations during the study 
period. Note the log scale.

The net reaction term for Mn was negative at sampling locations during the study 

period (Fig. 32). ZRivin in FWOl was generally more negative than in FW02 and 

FW03/EFC. In FW03/EFC ZRvin was essentially zero. Most of the mass of Mn was 

retained in FWOl and FW02 (Table 11). Less than 10% of the total influent Mn mass left 

the treatment system in the effluent.
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Figure 52. Variation of IR mi1 at the sampling locations during the study period.

Table 14. Integrated Mn mass fluxes to and from the system over the study period.
Process Sample Location Total Mass (kg)
IR FWOl -585

FW02 -276
FW03/EFC -51

Infiltration FWOl 0 (assumed)
FW02 -13

FW03/EFC -7
Inflow INOl 820
Outflow FW03/EFC -8
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